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SUMMARY
T he ad so rp t io n  of ace ty le n e ,  e th y len e  and  carbon  monoxide; 
the  h y d ro g e n a t io n  of ace ty lene  and  b u t a - 1 ,3 -d ien e ;  the  e f fe c ts  of 
s u lp h u r  poisoning  on the  a d so rp t io n ,  an d  th e  hyd ro g en a t io n  r e a c t io n s ,  
h av e  been  s tu d ie d  a t  am bient te m p e ra tu re  in a s ta t ic  system  us ing  a 
v a r ie ty  of su p p o r te d  p la tinum  c a ta ly s ts .  T he  ca ta ly s ts  u sed  w ere 
EUROPT-1 ( 6 % P t /S iO z) ,  EUROPT-3 (0.3% P t / A l ^ ) ,  0.5% P t /M o 0 3 ,
0.8% P t / S i 0 2 an d  0.8% P t / A l ^ .
Using the  [14-C] r a d io t ra c e r  te c h n iq u e ,  the sh ap e  of 
a c e ty le n e  ad so rp tio n  iso the rm s o v e r  each c a ta ly s t  showed two d is t in c t  
a d so rp t io n  re g io n s ,  a s teep  p r im ary  reg io n  followed (ex ce p t  Pt/MoO^) 
by  a l inea r  s eco n d a ry  reg io n .  T he  Pt/MoO^ ca ta ly s t  showed a n o n ­
l in e a r  seco n d ary  reg io n .  The ad so rp t io n  of e thy lene  also o c c u r r e d  in 
two d is t in c t  s ta g e s ,  b u t  the  p r im ary  reg io n  was le ss  s teep  th a n  was 
found  with ace ty le n e .  The a d so rp t iv e  capac ity  of the c a ta ly s ts  for 
e th y le n e  was approx im ate ly  one q u a r te r  th a t  for ace ty lene .
In c o n t ra s t ,  th e  ad so rp t io n  iso the rm s of carbon  monoxide 
show ed d is t in c t  d issim ilarities  be tw een  c a ta ly s ts .  On EUROPT-1, 0.8% 
P t/S iO ^  and  0 . 8 % P t /A ^ O ^  c a ta ly s ts ,  th e  iso therm s d isp lay ed  d if fe re n t  
b e h a v io u r  from tha t o b s e rv e d  with th e  h y d ro c a rb o n s  in th a t  th e y  showed 
a p ro lo n g ed  secondary  reg ion  with a p os itive  g rad ie n t .  T he  ad so rp tio n  
iso the rm  of CO on EUROPT-3 was of a similar shape  to the  iso the rm s  
o b s e rv e d  with the  h y d ro c a rb o n s .  T he  Pt/MoO^ ca ta ly s t  e x h ib i te d  the  
e x p e c te d  L an g m u ir- ty p e  CO ad so rp t io n  iso the rm .
On s tead y  s ta te  c a ta ly s ts  the  amount of each a d so rb a te  th a t  
can  be a d s o rb e d  was su b s tan t ia l ly  le ss  than  th a t  on f re sh ly  re d u c e d  
c a ta ly s t s .  T h is  has  been  s u g g e s te d  as  being due to th e  p erm anen tly  
re ta in e d  h y d ro c a rb o n  spec ies  loca ted  at the  p r im ary  ad so rp tio n  reg io n .
With each  c a ta ly s t  the  experim enta l o b se rv a t io n s  a re  c o n s is te n t  
w ith  the  d issoc ia tive  ad so rp tio n  of the  h y d ro c a rb o n s  on the  p r im ary  
re g io n ,  w hilst the  species  invo lved  in the  ac tua l ca ta ly s is  p ro c e ss  a re  
lo ca ted  on th e  secondary  reg ion  an d  are  assoc ia tive ly  a d so rb e d .
From the  poisoning  ex p e r im en ts ,  ev idence  has  been
o b ta in ed  to show th a t  a su r fa c e  re c o n s tru c t io n  p ro c e ss  accompanies th e  
in itia l a d so rp t io n .  T he  r e s u l t s  a re  in t e r p r e te d  in te rm s of a model 
invo lv ing  the  migration of metal atoms into the  a d s o rb a te  a d - la y e r .
T he  ad so rp tio n  of ace ty lene  in the  p re s e n c e  of gas p h ase  
e th y le n e  an d  vice v e r s a  in d ica te s  th a t  th e  ad so rp tio n  of th e  two h y d r o ­
c a rb o n s  ta k es  p lace on th e  same adso rp tion  s i te s  with ace ty lene  be ing  
more s t ro n g ly  a d so rb e d  th a n  e th y len e .  However, d u r in g  th e  h y d ro g e n ­
ation  of a c e ty le n e ,  h y d ro g e n  was found  to c rea te  s ite s  which were 
a c t iv e  for th e  non-com petit ive  ad so rp tio n  of e th y len e .
IR ev idence  has  been  ob ta ined  for th e  formation of an 
e th y l id y n e  ( ^ C -C H ^ )  spec ies  upon  th e  ex p o su re  of a f re s h ly  r e d u c e d  
EUROPT-1 to ^ 2 ^ 2  ° r  ^ 2 ^ 4  ’ w^ e b a n d s  c h a ra c te r i s t ic  of h y d ro c a rb o n  
polym eric  species  were d e te c te d  with C^H^/H^ d eac t iv a te d  c a ta ly s ts .
On each  c a ta ly s t ,  th e  a d s o rb e d  carbon  monoxide was found  to ex is t  in 
the  l in ea r  form.
From th e  experim en ta l o b se rv a tio n s  r e g a rd in g  th e  h y d ro g en a t io n  
of ace ty lene  in th e  p re se n c e  of va r ious  p r e s s u r e s  of [ 1 4 -C ]-e th y len e
an d  de term ina tion  of the  k in e tic s  an d  p ro d u c t  d is t r ib u t io n ,  it has  been  
e s ta b l is h e d  th a t  the  major ro u te  to e th an e  formation is via a ro u te  
invo lv ing  d irec t  h y d ro g en a t io n  of ace ty le n e ,  r a th e r  th a n  via e thy lene  as 
an in te rm ed ia te .  The r e s u l t s  h ave  been  in te r p r e te d  in te rm s of the  
p r e s e n c e  of s e p a ra te  su rface  s i te s  for the  h y d ro g en a t io n  of ace ty lene  to 
e th y le n e ,  the  h y d ro g en a t io n  of ace ty len e  to e thane  a n d  for the  h y d ro g e n ­
ation of e th y len e  to e thane .
From th e  k ine tics  an d  v a r ia t io n s  of the  p ro d u c t  compositions 
w ith the  experim en ta l v a r ia b les  for b u t a - 1 , 3 -diene h y d ro g e n a t io n ,  it has  
b een  p ro p o sed  th a t ,  whilst 1 : 2  add ition  of h y d ro g e n  to the  b u t a - 1 , 3-diene 
was re sp o n s ib le  for b u t - l - e n e  fo rm ation , 1:4 addition  of h y d ro g en  to 
b u t a - 1, 3 -d ie n e , r a th e r  th an  th e  isom erisation of b u t - l - e n e ,  was 
re sp o n s ib le  for th e  p roduc tion  of t r a n s - b u t - 2-en e  a n d  c i s - b u t - 2- e n e .
The  in itia l formation of n - b u ta n e  was p redom inan tly  by  a d irec t  ro u te  
from a d s o rb e d  b u t a - 1 , 3-diene no t involv ing  the  in te rm ed ia te  formation of 
b u t e n e .
T he  effec t of s u lp h u r  poison ing  on the  se lec tiv i ty  of mono-olefin 
form ation from ace ty lene  and  b u t a - 1 , 3-diene h y d ro g e n a t io n  was found  to 
b e  beneficial u s in g  the  a lu m in a -su p p o r te d  c a ta ly s ts ,  b u t  de trim ental when 
th e  s i l i c a - s u p p o r te d  ca ta ly s ts  were u s e d .  T hese  r e s u l t s  a re  in t e r p r e te d  
in te rm s  of a s ite  blocking m echanism.
The phys ica l c h a ra c te r i s a t io n  of EUROPT-1 an d  EUROPT-3 by  
T P R , TEM and  SEM te ch n iq u es  h as  showed th a t ,  a l th o u g h  th e  c a ta ly s ts  
were r e s i s ta n t  to s in te r in g  u n d e r  H^, C 2 H2 /H 2 or h ea t in g  a t 250°C/H2 
for e x te n d e d  p e r io d s  of time, deac tiva tion  by  in d u c ed  ch an g es  to





1.1 Historical B ac k g ro u n d
The w ord  "C ata lysis"  o rig ina lly  came from th e  two G reek  w ords 
C ata  and  Lysin m eaning to b re a k -d o w n .  J . J .  B erze lius  (1) in 1836 
f i r s t  u sed  the  w ord ca ta ly s is  to d e s c r ib e  some o b se rv a t io n s  of ev en ts  
which o c c u r re d  on b o th  homogeneous and  h e te ro g en eo u s  ca ta ly tic  ac tions . 
He concluded "It is th e n  p ro v e d  th a t  s ev e ra l  simple and  compound bodies 
so luble  and in so lub le ,  h ave  th e  p r o p e r ty  of exe rc is in g  on o th e r  bodies
an action v e ry  d i f f e re n t  from chemical a f f in i ty  and  I will th e re fo re
call th is  force th e  ca ta ly tic  force and  I will call ca ta ly s is  th e  decom posit­
ion of bodies by  th is  f o r c e " .
A lthough  th e  phenom ena of ca ta ly tic  ac t iv ity  was reco g n ise d  by  
many w orkers  at th a t  time, H. D avy (2) in 1815 was th e  f i r s t  to be 
p a r t ic u la r ly  co n ce rn ed  with gas re a c t io n s  on s u r fa c e s .  H cfask ed  to 
in v e s t ig a te  the  exp losions  in coal mines which voer* o c c u r r in g  too 
f re q u e n t ly  a t th a t  time b y  th e  l ig h ts  u s e d  in mines. He exam ined th e  
com bustion of a m ix tu re  of coal gas an d  a i r ,  us ing  a sa fe ty - lam p  in 
which a flame was s u r ro u n d e d  by  a cy l in d e r  of P t gauze . When 
add itional coal gas was in t ro d u c e d  in to  the  lamp, the  flame w ent out b u t  
th e  p latinum rem ained  ho t for many m inu tes .  D avy w ro te ,  " I t was 
immediately obvious th a t  oxygen  and  coal gas in con tac t w ith  the  hot 
wire combined w ithou t flame, an d  y e t  p ro d u c e d  h ea t  enough  to p r e s e r v e  
the  wire ig n i te d ,  an d  to keep  up th e i r  own com bustion". D avy was also
2th e  f i r s t  to reco g n ise  th e  phenom enon of ca ta ly s t  po isoning  when he 
no ticed  th a t  coating  th e  p la tinum  wire with su lp h u r  d e c re a se d  i ts  ability 
fo r  ig n i t io n .
Since th e n ,  many s tu d ie s  have  been  made to t r y  an d  u n d e r ­
s ta n d  th e  role b eh in d  th e  in f luence  of solid su b s ta n c e s  on th e  r a te s  of a 
chemical reac tion  and  to develop  ca ta ly tica l p ro ces se s  of in d u s tr ia l  
im p o r ta n c e .
The  f i r s t  h e te ro g e n e o u s  ca ta ly tic  p ro cess  of in d u s tr ia l  
im portance  was in t ro d u c e d  by  P. Phillips in 1831, who u se d  platinum  to 
oxid ize  SO^ to SO^ in th e  p ro d u c tio n  of f^ S O ^ .  In the  following y ea rs  
o th e r  in d u s tr ia l ly  im p o r tan t  p ro c e sse s  w ere deve loped , n o ta b ly ,  th e  
ox ida tion  of ammonia on pla tinum  gauze to form n i t ro g en  oxide for the 
p ro d u c t io n  of n i t r ic  ac id ,  b y  W. O stwald in 1901-1918; th e  s y n th e s is  of 
m ethanol from ca rb o n  monoxide an d  h y d ro g e n  in 1923; th e  s y n th e s is  of 
h y d ro c a rb o n s  from c a rb o n  monoxide and h y d ro g e n  u s ing  th e  F isc h e r -  
T ro p s c h  P rocess  in 1930 an d  the  cata ly tic  c rack ing  of petro leum  for fuels 
a ro u n d  1937.
1. 2 A dsorp tion  of Molecules at Solid S u rfaces
In h e te ro g e n e o u s  ca ta ly s is  th e  p lane th a t  s e p a ra te s  two p h ases  
is known as a s u r fa c e  o r  an in te r fa c e .  When atoms or molecules come 
in to  co n tac t  with th is  in te r f a c e  th e  phenom enon is known as a d s o rp t io n . 
T h is  p ro c e s s  mainly a r i s e s  from th e  additional available va lence  bonds  at 
th e  s u r fa c e .  For exam ple ,  if we cons ide r  a c ry s ta l  of a covalen t solid 
(F ig u re  l a ) ,  each  atom a t th e  su r fa c e  ex is ts  in an u n u s u a l  s itua tion  with
(b )
F ig u re  1
r e s p e c t  to the  b u lk  atoms in te rm s of its  n e ig h b o u rin g  atoms and  its  
coord ina tion  n u m b e r .  C o n se q u e n t ly ,  each su r fa c e  atom p o s se s s e s  one 
or more free  va lencies  w hich d ep en d s  on the  n a tu re  of th e  bonding  
be tw een  th e  atoms in th e  b u lk  solid. This  in t u r n  g ives r is e  to an 
imbalance of fo rces  at th e  s u r fa c e  with a ne t  force  ac ting  inw ards  on the  
b u lk  atoms, which is  iden tica l  to the  phenomenon of su r fa c e  ten s ion  in 
l iq u id s .  A similar s i tu a t io n  o ccu rs  with ionic solids (F ig u re  l b ) .
Since th e  a d so rp t io n  causes  a red u c t io n  in the  freedom of the 
molecules, the  a d so rp t io n  p ro c e s s  is expec ted  in most cases  to be an 
exo therm ic  p ro c e s s .
In h e te ro g e n e o u s  c a ta ly s is ,  two ty p e s  of ad so rp t io n  phenom ena 
have  been  rec o g n ise d  for many y e a rs  - phys ica l ad so rp tio n  " p h y s i s o rp t io n " , 
an d  chemical ad so rp t io n  " ch em iso rp t io n " . T he  former invo lves  van  d e r  
Waals' a t t r a c t io n  fo rces  s u c h  as dipole-dipole and  in d u c ed  dipole in t e r ­
ac t ions  betw een  an atom o r  a molecule and the  su r fa c e ,  a n d  is analogous 
in its  c h a ra c te r  to a condensa t ion  of vapou r  molecules on to l iq u id s ,  
w hereas  th e  la t te r  ty p e  of a d so rp tio n  involves chemical bond in g  which is 
similar in i ts  c h a r a c te r  to a chemical reac tion  and  invo lves  t r a n s f e r  of 
e le c tro n s  betw een th e  a d s o rb e n t  (solid) and th e  a d so rb a te  (ad so rb in g  
s p e c ie s ).
(a)
4In  te rm s of po ten tia l  e n e rg y  c u rv e s ,  the  two ad so rp t io n s  can 
be d is t in g u is h e d ,  as shown in F ig u re  2. At zero  po ten tia l  en e rg y  
molecules a re  fa r  from th e  s u r fa c e .  As the molecule re a c h e s  th e  s u r fa c e ,  
e n e rg y  is l ib e ra te d ,  accom panied with a fall in the  po ten tia l  e n e rg y .  In 
the  case  of p h y s ica l  a d so rp t io n  ( c u rv e  A ), the  h ea t  of a d so rp tio n  (AH )
cl
- 1  O
is  sm all , ~ 10 k J  mol , a t  a d is tance  of approxim ate ly  6A from the
s u r f a c e ,  which c o r re s p o n d s  to the  a d s o rb a te -a d so rb e n t  van  d e r  Waals1
envelopes  (F ig u re  3a) .
The p ro c e ss  of chemical ad so rp tion  is r e p r e s e n te d  by  c u rv e  B
(F ig u re  2). At Dv v  th e  a d s o rb a te  molecule is in fin ite ly  fa r  from the  
A  A
s u r fa c e  with a po ten tia l  e n e rg y  co rresp o n d in g  to th e  X-X bon d  d issoc ia t­
ion e n e rg y .  As th e  molecule app ro ach es  the  su r fa c e  and  d is so c ia te s ,  
th e  pa ir  of atoms u n d e rg o  s tab iliza tion  by  the  formation of chem isorption
b onds  a n d ,  as a r e s u l t ,  th e  po ten tia l  e n e rg y  falls to a minimum at a 
o
d is ta n ce  of ca. 3A from the  s u r fa c e ,  which is the  sum of th e  covalent 
ra d i i  of the  a d s o rb e n t  and  th e  a d s o rb a te  atoms (F ig u re  3c) . T he  heat 
of chem isorp tion  (AH^) v a r ie s  betw een 80 and 800 kJ  mol \  depend ing  
on the  su rface  co v e ra g e .  However, it is im portan t to n o te  th a t  the  
p h y s ica l ly  a d s o rb e d  molecule can u n d e rg o  chem isorption if an e n e rg y  of 
E + (-A H ^) is su p p lied  to th e  system , as shown in F ig u re  2.
1. 3 A dsorp tion  Iso th e rm s
The re la t io n sh ip  be tw een  the q u an t i ty  of gas a d s o rb e d  and  
the  p r e s s u r e  with which it is in equilibrium at c o n s ta n t  te m p e ra tu re  is 
known as the  a d so rp t io n  iso th e rm . T he  f i r s t  m athematical de r iva tion  
which c o r re la te s  th e  frac tiona l su r face  coverage  and  p r e s s u r e  was





F igu re  2. Po ten tia l  en e rg y  c u rv e s  for phys ica l and  chemical 
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F ig u re  3. Physica l and  chemical a d so rb ed  s ta t e s .
5d eve loped  by I rv in g  Langm uir in 1916 (3) and  has  the  form
0 = _b£_
1 + bp
w here  0  = the  f rac tional s u r face  coverage  with a d s o rb e d  atoms or 
molecules 
p = the  gas p r e s s u r e
b = the  ad so rp t io n  coefficient of the  a d s o rb a te  system  which 
can be e x p re s s e d  in th e  form b = A .e  AH^/RT wh ere  “AH^ 
is the  h ea t  of ad so rp t io n ,  A is a c o n s ta n t ,  R is the  
s ta n d a rd  gas co n s tan t  and  T is the  te m p e ra tu re  of the 
s y s te m .
The d e r iva tion  of Langm uir is b a sed  on th e  following a s su m p t­
ions :
(i) the a d s o rb e d  species  a re  held on to defin ite  s i te s  on the  
s u r fa c e ,  i . e .  the  maximum adso rp tion  c o r re s p o n d s  to monolayer 
c o v e ra g e ,
(ii) the su r fa c e  is ene rge tica l ly  uniform , i . e .  th e re  is the  same 
s tick ing  p ro b ab il i ty  of ad so rp tio n  on all s i te s  and  the  hea t of 
a d so rp tio n  is in d e p e n d e n t  of su rface  co v e ra g e .
A lthough th e  Langm uir a p p ro ac h  has been  app lied  in h e te ro ­
geneous  su r fa c e s ,  experim en ta lly ,  few chem isorption iso the rm s c o r re s p o n d  
to th e  Langmuir equation  and  the  major problem is th a t  th e  heat of 
a d so rp t io n  is found  to d ec rease  with su rface  coverage  (4 ) ,  which is
6c o n t ra ry  to the  second a s s u m p tio n . T he  phenom enon of dec rease  in 
h ea t  of adso rp tion  with s u r fa c e  coverage  has been  in t e r p r e te d  by 
De Boer (5) and  Bond ( 6 ) and  a t t r ib u te d  to one or more of the  following:
(i) th e  ex is ten ce  of repu ls ion  fo rces  be tw een  th e  ad jacen tly  
a d s o rb e d  molecules
(ii) the  h e te ro g e n e o u s  c h a ra c te r  of the  s u r fa c e ,
(iii) the  ex is ten ce  of more th an  one ty p e  of bond ing  betw een the  
a d so rb e d  molecules and s u r fa c e ,
O ther  iso th e rm s  have  been  dev ised  by  F re u n d lic h  (7) and  
Temkin ( 8 ) to eliminate th e  assum ption  of en e rg e tic  equ iva lence  of 
L angm uir .  The F re u n d lic h  isotherm may be w rit ten  in th e  form:
0  = k p ^ n  k , n  = c o n s ta n ts  (n > 1 ).
T h is  iso therm , ho w ev er ,  does not give any  limit to the  am ount of 
a d so rp t io n  0 , as  th e  gas  p r e s s u r e  in c re a s e s ,  an d  h e n c e ,  co n s id e re d  b y  
many sc ien t is ts  to be  u n re a l is t ic .  T he  Temkin iso therm  is of the 
formula:
0  = Trr-— An (b  p)AH a o vo
w here  AHq is the  h ea t  of ad so rp tio n  at zero  coverage  a n d  p ro p o r t io n a l  
~ A H /RTto e o an d  a  is a c o n s ta n t  ra n g in g  betw een 0 an d  1 .
I t  is im portan t to note  th a t  the  Temkin iso therm  is applicable  
if th e  drop  in e n e rg y  is  c au sed  by  re p u ls iv e  fo rces  on h e te ro g en eo u s  
s u r fa c e s .
7A lthough th e  above d e r iva tions  can be applied  to chem isorp tion ,
B ru n a u e r  et al. (9) developed  and  spec if ied  five ty p e s  of phys ica l 
a d so rp t io n  iso the rm s (F ig u re  4 ). T ype  I is known as  th e  Langm uir
iso therm  and  is commonly a ss ig n ed  for solids with v e ry  fine p o re s ,  such
as silica gel and  zeolites (10). T he p la teau  reg ion  r e p r e s e n t s  complete 
filling of the  micro p o re s  by  the  co ndensed  gas .  T y p e  II isotherm  is 
commonly e n c o u n te re d  on n o n -p o ro u s  so lids ,  su ch  as zinc oxide and  
ti tan ia  and  perm its  calculation of the  monolayer capacity  which in tu rn  
g ives an estim ate for the  su rface  a rea  of th e  solid by  u s ing  the  B ru n a u e r ,
Emmet and  T eller  (BET) equation  (9)
the  s a tu ra t io n  v a p o u r  p r e s s u r e  of th e  a d so rb a te ;  c is a co n s tan t  given
and  H. 2 is the  h e a t  l ib e ra te d  on forming the  s u b s e q u e n t  la y e rs .
Point "B" c o r re s p o n d s  to th e  s tag e  a t which monolayer coverage  is 
com pleted. T ype  III  an d  V iso therm s show a complex b eh av io u r  over 
the  e n t i re  p r e s s u r e  r a n g e  and  do no t ex h ib it  a po in t B . However, su ch  
iso the rm s  are  r a r e  and  th e i r  b ehav iou r  s u g g e s t s  th a t  th e  a d s o rb e n t -  
a d so rb a te  in te rac t io n s  a re  v e ry  weak an d  a m ultilayer b u i ld -u p  o c c u rs ,  
w hereas  the  f i r s t  layer  is complete. I so th e rm s  of ty p e  IV a re  of g rea t  
in te r e s t  and  are  mainly e n c o u n te re d  with p o ro u s  so lid s ,  su ch  as glass 
a n d  alumina (10).  T h is  isotherm  show s similar b eh av io u r  to th a t  of
P 1 c - 1 P
V(P -P ) o
+
V c Vmc P om
w here  V is the  volume of th e  gas a d s o rb e d ;  is th e  volume re q u ire d
to cover the  a d s o rb e n t  su r fa c e  with a monolayer of a d s o rb a te ;  P q is



























F ig u re  4. T he  f ive  ty p e s  of iso therm s as c lass ified  by B ru n a u e r  e t al. (9) .
8ty p e  II at low v a lu es  of P /P  • The ad so rp tio n  in c re a se s  m arkedly at 
h ig h e r  P /P Q va lues  w here  pore  condensation  ta k e s  p lace . The o th e r  
f e a tu re  from th i s  iso therm  is th a t ,  on d eso rp t io n ,  th e  isotherm  does not 
follow th e  same p a th  of ad so rp t io n .  T h is  has  been  exp la ined  as being 
due  to th e  e x is te n c e  of h igh ly  c u rv e d  p o re s  in w hich, on deso rp tio n ,  
molecules u n d e rg o  an ev ap o ra tio n -rec o n d en sa tio n  cycle .
1. 4 S u p p o r te d  Metal C a ta ly s ts
S u p p o r te d  metal c a ta ly s ts  are  of p a r t i c u la r  in t e r e s t  for
re a c t io n s  invo lv ing  h y d ro g e n ,  such  as ,  h y d ro g e n a t io n ,  dehyd ro g en a tio n
an d  h y d r o g e n o ly s i s . T he most commonly u se d  an d  effic ien t ca ta ly s ts
for s u c h  reac t io n s  a re  th e  group  VIII metals d i s p e r s e d  on a v a r ie ty  of
s u p p o r t  m a te r ia ls ,  s u c h  a s ,  silica, alumina o r  t i ta n ia ,  which have  been
c o n s id e re d  as  be ing  ca ta ly tica lly  inactive  an d  no t u n d erg o in g  in te rac t io n s
with th e  metal. H ow ever, d u r in g  the  la s t  two decades  or so, th e re  is a
grow ing body  of inform ation in the  cata ly tic  l i te r a tu r e  ( l l ) w h i c h  s t r e s s e s
th a t  th is  view is too simplistic and  in c o rre c t  and  c a r r i e r s  might indeed
play a s ig n if ican t  ro le  in de term ining  c a ta ly s t  a c t iv i t ie s .  Some of the
pu b lica tio n s  dealing  with what is r e f e r r e d  to  as S tro n g  Metal S u p p o r t
In te ra c t io n s  (SMSI) will be  rev iew ed  la te r  in th is  sec tion .
T he  choice of th e  su p p o r t  is u sua lly  g o v ern ed  by the  p u rp o se
for w hich th e  c a ta ly s t  is to be u s e d .  For exam ple, s u p p o r ts  of low
2 - 1
s u r fa c e  a re a s  < 1 m g , su ch  a s ,  g ro u n d  g la ss  and  silica, a re
commonly u se d  when th e  metal is ex trem ely  a c t iv e ,  w hereas  h igh  su rface
2 - 1a rea  c a r r i e r s  > 1 m g , su ch  a s ,  alumina an d  a s b e s to s ,  a re  usually
9u se d  when a h ig h e r  se lec tive  activ ity  an d  s tab i l i ty  a re  re q u ire d  ( 1 2 ) .
T h is  v a r ia t io n  in s u r fa c e  area and  also p o ro s ity  of the  su p p o r t  can play 
an im p o r tan t  ro le in c rea ting  small metal p a r t i c le s ,  controlling the ir  
d is t r ib u t io n  an d  location within the  s u p p o r t  g ra n u le s  which, in tu r n ,  
de term ine  th e  c a ta ly s t 's  e f fec t iv en ess .  This  shows th e  im portance of 
the  p h y s ica l  e f fe c ts  of th e  s u p p o r t .
T h re e  ty p e s  of p rocess  a re  genera lly  u se d  in making su p p o r te d  
metal c a ta ly s t s ,  nam ely , deposition , co -p rec ip ita t io n  an d  im pregnation .
The la t t e r  method is th e  most commonly u se d  an d  invo lves  soaking the  
c a r r i e r  m ateria l w ith  an aqueous  solution of th e  metal sa lt .  The 
r e s u l t a n t  s lu r r y  is  e v a p o ra te d  in a s team -b a th  b e fo re  finally being d r ied  
in a hot a ir  oven .  T he  ca ta ly s t material is th e n  re d u c e d  in a flow of 
h y d ro g e n  a t  ~ 100°C. However, the  re c e n t  a d v an c es  made in the  des ign  
and  p r e p a ra t io n  of su p p o r te d  metal c a ta ly s ts  ( 1 2 ) showed th a t  var ia tions  
in the  re c ip e s  of th e se  p rep a ra t io n  methods and  p r e - t r e a tm e n t  conditions 
can also have  a cons iderab le  impact on the  c a ta ly s t  ac t iv i ty  and  se lec tiv i ty .
D esp ite  th e  complexity involved  in u n d e r s ta n d in g  the  ph y s ics  
a n d  ch em is try  of s u p p o r te d  metal c a ta ly s ts ,  th e y  do have v e ry  a t t r a c t iv e  
a d v a n ta g e s ,  s u c h  a s ,  h igh  su rface  a rea  p e r  u n i t  w eigh t of th e  metal, 
g r e a t e r  s tab i l i ty  to h e a t ,  poisoning and  s in te r in g ,  an d  can be easily 
r e g e n e ra te d  a f te r  u se .  For th e se  re a s o n s ,  s u p p o r te d  ca ta ly s ts  have 
found  d iv e rs e  app lica tions  in the  chemical in d u s t r y .
As s ta t e d  above , the  belief th a t  th e  func tion  of c a r r ie r  
m ateria ls  in s u p p o r te d  c a ta ly s ts  is p u re ly  p h y s ic a l ,  th a t  i s ,  to d isp e rse  
an d  to r e t a r d  i ts  s in te r in g ,  is u n d e r  re c o n s id e ra t io n ,  and  is the  sub jec t 
of a fa sc in a t in g  d is p u te .  Bond and  B u rch  (11) h av e  com prehensively
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rev iew ed  th is  su b je c t  an d  have cons idered  the  possib le  fac to rs  which 
could c o n t r ib u te  to the  ex is tence  of th e  so-called  S tro n g  M etal-Support 
In te ra c t io n  (SM SI).
H is to r ica lly ,  th e  phenomenon of SMSI was reco g n ise d  in 1964 
by  T ay lo r  and  h is  colleagues (13) who o b s e rv e d  an a p p a re n t  variation in 
the  ca ta ly tic  ac t iv i ty  as the  su p p o r t  material was v a r ie d  o r  changed .
T hey  s u g g e s te d  th a t  th e  effect was electronic  in its  n a tu r e .  Schwab 
(14 ) ,  in 1966, p ro d u c e d  th e  f i r s t  convincing ev idence  for the  t r a n s fe r  
of e lec tro n s  from th e  s u p p o r t  to the  metal. In th e  oxidation  of CO and  
HCOOH decomposition over  various  c a ta ly s ts ,  th is  e f fec t a l te re d  s ign if ic­
an tly  th e  ac tiva tion  en e rg y  of th e se  rea c t io n s .  Similar o bserva tions  
were also r e p o r te d  a t th a t  time by Solymosi and  c o -w o rk e rs  (15).
Since th en  th is  idea  was widely u sed  as one form of exp lanation  of the 
p ecu l ia r  e f fec ts  o b s e rv e d  in the  field of h e te ro g e n e o u s  ca ta ly s is .
T a u s te r  an d  co -w orkers  (16 ,17 ),  in 1978, r e p o r t e d  what could 
be th e  bas is  of a rea l  SMSI. T he ir  r e s u l t s  show ed th a t ,  a f te r  reduc t ion  
a t  e lev a ted  te m p e ra tu re s  ~ 500°C, Group VIII m etals su p p o r te d  on 
t r a n s i t io n  metal o x id e s ,  such  as TiO^, lost the  ab ility  to ad so rb  or 
CO. T h o u g h  contam ination by  many means or as  a r e s u l t  of some o the r  
fa c to r s ,  such  as s in te r in g ,  could s u p p re s s  th e  e x te n t  of chem isorption of 
a d so rb a te  molecules su ch  as and  CO, the  r e s u l t s  of T a u s te r  et al. 
(16,17) a re  now genera lly  accep ted  as  conclusive  ev id en ce  for the  
ex is ten ce  of SMSI.
D esp ite  th e  v a s t  num ber of in v e s t ig a to rs  who have  examined 
th is  phenom enon , th e  n a tu re  of th e  SMSI e ffec t is  n o t  y e t  u n d e rs to o d  
with any  c e r t a in ty .  T he information r e p o r te d  in th e  l i te ra tu re  s u g g e s ts
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two a p p ro a c h e s  b y  which the  s u p p o r t  may affec t the  c h a ra c te r i s t ic s  of 
the  metal p a r t ic le s  for chem isorption an d  ca ta ly s is  an d  hence stimulate 
SMSI.
One of th e se  ap p roaches  is b a s e d  on th e  view th a t  the metal 
an d  th e  s u p p o r t  may in te ra c t  to g e th e r  u n d e r  the  red u c t io n  conditions to 
form an in term etallic  compound:
T 0 2 + 2H2 + 3M  >* M3T + 2H20
T 0 2 = T ran s i t io n  and  n o n - t r a n s i t io n  metal oxides 
M = G roup VIII metals
M esch ter  an d  Worrell (18) have  in v e s t ig a te d  the  therm odyamics 
of the  formation of su ch  in te rac t io n s  u s ing  P t / T i 0 2< T he s ta n d a rd  f ree  
e n e rg y  of fo rm ation , AH£, of P t^T i a t  500°C was m easu red  and  found to 
be -7 5 .5  k cal mol D eno tter  an d  D au tze n b e rg  (19) r e p o r te d  the
formation of PtAl^ when P t /A ^ O ^  was h e a te d  in H 2 above 497°C. 
Sim ilarly , th e  alloy , PtAl^ was s u g g e s te d  to form by  S p ry s  and  Mencik 
(20) in th e ir  TEM s tu d y  of the  in te rac t io n  of P t with y-alum ina. More 
r e c e n t ly ,  M artin et al. (21) have also d em o n s tra ted  th e  formation of 
Ni-Si in Ni/SiC>2 an d  P t-S i  in Pt/SiC>2 c a ta ly s t  sy s tem s ,  when th e se  w ere 
r e d u c e d  in H2 a t  500°C. T h u s ,  in te ra c t io n s  be tw een  th e  noble metals 
a n d  th e  metals of Group 4B and  5B in th is  form a re  possib le  and  even 
therm odynam ically  feasib le  u n d e r  ca ta ly s t  red u c t io n  cond itions .
A n o th e r  possib le  k ind  of in te ra c t io n ,  th is  time involving the 
form ation of metal-m etal bonds  betw een th e  cation of the  s u p p o r t  metal 
and  th e  noble atoms (o r  ca t io n s ) ,  has  been  p ro p o se d .  T h is  possib ili ty
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came from th e  w ork of Dickinson et a l . (22) , who showed th a t  in a c lass  
of ox ides  of th e  g en e ra l  formula
Ba ^ 2 / 3  ^ 3_x » x i  0
w here  M = Group VIII metals 
T*2 / 3  O^-x = T itan ia
th e  donor cations  which stabilize th is  complex were th o se  of Group VIII 
metals (P t ,  I r ,  R h ,  R u , Co, F e ) .  T h ese  a u th o rs  s u g g e s te d  th a t  one in 
e v e ry  two metal oxide cations  which a c te d  as  a ho s t  was metal-metal 
b o n d ed  to a donor ion. T he s ta te  of th e  metal in the  r e d u c e d  su p p o r te d  
c a ta ly s ts  is e i th e r  a zero  v a len t ,  s l igh t ly  ionic atom o r ,  more p ro b a b ly ,  
a g g re g a te s  of metal atoms. T h e re fo re ,  th e  p ossib ili ty  of in te rac t io n  
be tw een  the  d -e le c t ro n s  of th e se  a g g re g a te s  and  the  d -e le c t ro n s  of the  
metal ox ide cations  th a t  lie a t  the su r fa c e  should  no t be  exc luded  as a 
dom inant fac to r  in SMSI. The formation of su ch  complexes has  been 
r e p o r te d  for P t/A l^O ^ (P t-A ^ C ^ )  (2 3 ) .  H ow ever, as  m entioned above , 
th e re  is  some con ten tion  in th e  l i te r a tu re  th a t  encapsu la tion  or contam in­
ation  of the  metal p a r t ic le s  by  su b -o x id e  ions from th e  s u p p o r t  formed 
d u r in g  re d u c t io n  at te m p e ra tu re s  of ca .  500°C could  be  the  cause  of the  
inh ib ition  of CO a n d  ch em iso rp tion . For exam ple, H uizinga and  P r in s
(2 4 ) ,  from th e ir  e . s . r .  m easurem ents  on P t /T iO ^ ,  p o s tu la te d  th a t
2 -
re d u c t io n  of th e  c a ta ly s t  in a t  300°C and  500°C c re a te d  O vacancies  
with th e  formation of 0.3% T i^+ ions . T h e se  species  in the  p re se n c e  of 
H2 a re  c o n v e r te d  into OH ions:
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T i4+ + H + O2'  ^  T i3+ + OH" a t 300°C
2Ti4+ + 2H + 2 0 2” ; 2Ti 3+ + 20H~ at 500°C
;-----* 2Ti3+ + O 2" + H20
The OH ions have  b een  s u g g e s te d  to m igra te  to the  metal s u r fa c e  and  
co n se q u e n t ly  s u p p r e s s  th e  ad so rp tio n .  Similar mechanisms have  been 
s u g g e s te d  to accoun t for R h / T i 0 2 (25 ) ,  N i /S i0 2 (26) and  P t  s u p p o r te d  
on A ^ O ^ ,  MgO an d  S i 0 2 (27).
A n o th e r  p ro c e s s  which could acc o u n t for SMSI is e lectron ic  in 
i ts  n a t u r e .  K a tze r  e t  al. (28) using  EXAFS, o b se rv e d  an e lec tron  
t r a n s f e r  to Rh from T i 0 2 when a R h / T i 0 2 c a ta ly s t  was r e d u c e d  a t 200°C. 
T h ey  also o b s e rv e d  a la rg e  t r a n s f e r  of e le c tro n s  to the  s u p p o r t  in 
P t /A ^ O ^  com pared  to P t / T i 0 2< Similarly, Bouman and  Biloen (2 9 ) ,  from 
th e ir  XPS s tu d ie s  on calcined and  r e d u c e d  P t /A ^ O ^ ,  s u g g e s te d  th a t  P t 
was p r e s e n t  in an e lec tron  defic ien t s ta t e ,  even  a f te r  h y d ro g e n  trea tm e n t  
a t  650°C, which was an indication  of e lec tro n  t r a n s f e r  tow ards  the  s u p p o r t .  
T h ese  r e s u l t s ,  h o w ev er ,  place some do u b t on th e  im portance of e lec tron  
t r a n s f e r  in th e  c o n te x t  of SMSI. An in c re a se  in the  e lec tron  d en s i ty  on 
th e  t r a n s i t io n  metal atom should  in c re a se  th e  s t r e n g th  of the  M-CO bon d  
with th e  r e s u l t  th a t  ad so rp tio n  should  be  e n h a n c e d ,  and  no t the  r e v e r s e ,  
as  th e  s tu d y  of K a tze r  e t al. (28) show ed.
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1. 5 T he  A dso rp t ion  of U n s a tu ra te d  H y d ro ca rb o n s  a t P t S urfaces
A lth o u g h  the  chemical n a tu re  of th e  a d s o rb e d  species at metal 
s u r fa c e s  has  b een  the  su b je c t  of deba te  for more th an  four decades ,  
s ince  th e  p ion ee r in g  work of H oriu ti and  Polanyi (3 0 ) ,  i t  can be said 
with con fidence  t h a t ,  so f a r ,  th e se  s tu d ie s  h av e  n o t  y e t  b ro u g h t  abou t 
a c lea r  an d  unam biguous p ic tu re  of the  a d so rb e d  s ta te s  of even the  most 
simple m olecules, such  a s ,  ace ty lene  an d  e thy lene  a t  th e se  su r fa c e s .
Knowledge co nce rn ing  th e  a d s o rb e d  s ta te s  of olefins and  
d i-o le f ins  has  b een  ob ta ined  in p a r t  from th e  app lica tion  of th e  re c e n t  
d ire c t  in s tru m e n ta l  methods developed  by  s u r fa c e  p h y s ic i s t s ,  such  a s ,  
AES, LEED, XPS, e tc .  (see  section  1 .10 ),  which h ave  been mainly 
c o n c e n tra te d  on the  ad so rp tio n  of e thy lene  and  ace ty lene  on single 
c r y s t a l s .  H ow ever, the  application  of th e  r e s u l t s  of th e se  methods to 
i n t e r p r e t  ca ta ly tic  p ro c e sse s  is no t s t r a ig h t fo rw a rd .  This  is due to th e  
fact th a t  most of th e se  s tu d ie s  a re  c a r r ie d  ou t o v e r  clean su rfaces  
(g e n e ra l ly  w ithout h y d ro g e n ) ,  u n d e r  u l t r a -h ig h  vacuum cond itions ,  and  
u sua lly  a t low te m p e ra tu re s ,  w hereas  ca ta ly tic  reac tio n s  take  place on 
s u r fa c e s  co v e re d  with a d so rb e d  species  and  u n d e r  sev e ra l  p r e s s u r e s  of 
r e a c ta n t  g ases  a t  am bient or e leva ted  te m p e ra tu r e s .  The o th e r  so u rce  
of inform ation  r e g a rd in g  th e  a d s o rb e d  s ta te s  of u n s a tu r a te d  h y d ro c a rb o n s  
comes in d ire c t ly  from th e  k in e tic s  and  p r o d u c t  d is t r ib u t io n s  of var ious  
p ro c e s s e s  s u c h  as h y d ro g e n a t io n ,  deu terium  ex ch a n g e  and isom erisation  
of th e s e  c o m p o u n d s .
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1 .5 .1  A d so rb e d  S ta te s  of E thy lene
T he ad so rp tio n  of olefins on metal films and  on su p p o r te d
metals was f i r s t  rev iew ed  by  Bond in 1962 ( 6 ) ,  Bond and  Wells in 1964
(31) a n d ,  more r e c e n t ly ,  Webb (32) and  Thomson (33) .  From th e se
re v ie w s ,  v a r io u s  s ta te s  of e th y len e  a d so rp t io n s  h ave  been p ro p o sed  and  
th e s e  a re  p r e s e n te d  in th e  formulae a - j :
HC = CH H0C -  CH0 HC -  CH C -  C H~C = CH 9
/  \  2 i i 2 / \  / \  / i \  / i\  2 | 2
* * * * * * * * *** *** *
(a) (b )  (c) (d )  (e)
HC = C H , C = C H , H ,C  -  CH, HC -  CH , C -  CH
I 2 l \  2 2 | 3 / \  3 / | \* * * * * * ***
(f) (g) (h) (i) ( j )
T he p r e s e n c e  of any  of th e se  a d so rb e d  species  on any  p a r t ic u la r  metal 
s u r fa c e  is th e  su b jec t  of the  l i te r a tu r e  da ta  r e p o r te d  by  many in v e s t ig a ­
to r s .  Following th e  early  p roposa ls  of H oriuti and  Polanyi (30) and  
Bond ( 6 ) th a t  e th y len e  was a d s o rb e d  assoc ia tive ly  as  a d i - a -a d so rb e d
spec ies  ( s t r u c t u r e s  a ,b )  by  the  re h y b r id iz a t io n  of i ts  carbon  atoms 
2 3(sp  -> sp ) followed b y  the  formation of two Q-bonds be tw een  the  
c a rb o n s  and  two metal atoms a t a su itab le  d is tan ce  a p a r t ,  or a Tr-adsorbed 
spec ies  ( s t r u c t u r e  e) to one metal atom with th e  ca rbon  atoms re ta in in g  
th e ir  sp^  h y b r id iz a t io n ,  deta iled  s tu d ie s  (34-36) u s in g  LEED, ELS, UPS 
and  TPD te c h n iq u e s  have  been  r e p o r te d  r e g a rd in g  a d so rp tio n  on
P t ( l l l )  s u r fa c e .  T he  r e s u l t s  of th e s e  s tu d ie s  can b e  summarized as
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follows: below room te m p e ra tu re ,  th e  ad so rp tio n  o cc u r re d  re v e rs ib ly  in
an asso c ia t iv e  form ( s t r u c tu r e s  a , b , c ) ;  th is  s t r u c tu r e  u n d erw en t 
i r r e v e r s ib le  d issoc ia tive  adsorp tion  ( s t r u c t u r e s  f - j)  a t  room te m p era tu re  
a n d  accom panied  by  self h y d rogena t ion  to e th a n e .  R ecen t s tu d ie s  by  
Somorjai an d  co -w o rk e rs  (37-39) s t r e s s e d  the  formation of a s tro n g ly  
a d s o rb e d  s tab le  e th y lid y n e  species ( s t r u c t u r e  j) a t  room te m p e ra tu re ,  in 
w hich th e  C-C b o n d  was p e rp e n d ic u la r  to the  su r fa c e ,  with the  species  
d e p ic te d  in s t r u c t u r e s  f ,  g, i ac t ing  as  in te rm ed ia tes .  T hey  also 
s u g g e s te d  th a t  e th y len e  h yd rogena t ion  took place on th e  top of these  
ca rb o n aceo u s  f r a g m e n ts ,  r a th e r  th an  on a clean metallic su r fa c e .
I n f r a r e d  (IR) spec tro scopy  h as  been  a widely u s e d  techn ique  
for in v e s t ig a t in g  th e  adso rp tion  of h y d ro c a rb o n s  on s u p p o r te d  metal 
c a t a ly s t s .  In  a re c e n t  s tu d y ,  S h e p p a rd  and  c o -w o rk e rs  (4 0 ) ,  us ing  an 
ex trem ely  sen s it iv e  in f r a r e d  in te r fe ro m e try  te ch n iq u e ,  have  ob ta ined  
ev id en ce  for th e  ex is ten ce  of bo th  a d i - a -b o n d e d  ( s t r u c tu r e  b )  and  a 
TT-bonded ( s t r u c t u r e  e) species when e th y len e  was chem isorbed  on a 
h y d ro g e n  p re c o v e re d  s i l ic a -su p p o r te d  P t  c a ta ly s ts .  T he former spec ies  
gave b a n d s  a t 2885 cm  ^ and  2800 cm  ^ while th e  la t t e r  p ro d u ced  b a n d s  
a t  3000 cm  ^ an d  1500 cm T hese  w o rk e rs  claimed th a t ,  a l though  bo th
spec ie s  w ere easily  h y d ro g e n a te d ,  th e  TT-complex was th e  more reac t iv e .
Thom son, Webb and  th e ir  colleagues (41-44) u s ing  r a d io t ra c e r  
te c h n iq u e s  h av e  made detailed  s tu d ie s  of th e  adso rp tion  of [1 4 -C ]-  
e th y le n e  an d  i t s  reac tion  with h y d ro g e n  on p u r e  metals an d  su p p o r te d  
c a ta ly s t s .  From th e se  inves t iga t ions  i t  was o b se rv e d  th a t  only a 
f rac t io n  of th e  in itia lly  a d so rb ed  e th y le n e  could  be rem oved e i th e r  by  
molecular ex ch a n g e  with n o n -rad io a c tiv e  e th y le n e ,  by  evacua tion , or
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d u r in g  th e  s u b se q u e n t  hyd ro g en a t io n  of e th y le n e -h y d ro g e n  m ix tu res .  
While th e  a d so rp t iv e  capacity  of the  c a ta ly s ts  in c re ased  in th e  o rd e r  
Pd  > P t  > I r  > Ru > Rh > Ni, the p e rc e n ta g e  of th e  initially a d so rb ed  
e th y le n e  r e ta in e d  by  the  su rface  d e c re a se d  in the  o rd e r  Pd  > Ru > Ni > 
Rh > I r  > P t .  I t  was also d em onstra ted  from these  s tu d ie s  th a t  as th e  
te m p e ra tu re  of th e  system  was ra ise d  in p re s e n c e  of H^, quan ti t ie s  of 
low er h y d ro c a rb o n s  (m ethane) were form ed. T hese  w orkers  have 
s u g g e s te d  th a t  the  r e ta in e d  species in e th y len e  adso rp tio n  a r is e s  from 
the  formation of multiply bonded  h y d ro g e n -d e f ic ie n t  su rface  complexes 
( s t r u c t u r e s  a , c , d , g )  and  one or more of the  d issocia tive  species 
( s t r u c t u r e s  h , i ,  or j) may play a role a s  th e  h y d ro g e n  t r a n s f e r  media 
in h y d ro g e n a t io n  re a c t io n s .
1 .5 .2  A d so rb e d  S ta te s  of A cetylene
A cety lene is extrem ely im portan t in p r e p a ra t iv e  organic  
c h e m is t ry .  T h ro u g h  the  re la tive ly  simple a lky la tion  of ace ty lene ,  it  is 
poss ib le  to form new c a rb o n -ca rb o n  b o n d s  while th e  tr ip le  bond  is 
r e t a in e d .  The r e s u l t in g  a lky lace ty lenes  p a r t ic ip a te  in num erous  t r a n s ­
form ations  involv ing  add ition  reac tio n s .  One su ch  reac tion  is  the 
se lec tive  h y d ro g en a t io n  of the  tr ip le  bond  to y ie ld  c is -a lk en es  (6 ,4 5 ) .
The ea r ly  s tu d ie s  of ace ty lene  ad so rp tio n  on metal su rfaces  
h av e  b een  rev iew ed  by  Bond and  Wells (3 1 ) ,  an d  those  s tu d ie s  p u b l i sh e d  
up  to 1977 have  b een  rev iew ed  by  Thomson (33) an d  Webb (3 2 ,4 5 ) .
T he  f in d in g s  of th e se  s tu d ie s  on ad so rp t io n  and  h y d ro g en a t io n  of 
a ce ty le n e  on va r io u s  metal su r faces  inc lud ing  P t ,  led  to the  pos tu la tion  
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From th e  s tu d ie s  of the  adso rp tion  an d  h y d ro g e n a t io n  of ace ty lene a t 
v a r io u s  metal c a ta ly s ts ,  it has  been  s u g g e s te d  (46) th a t  the  ad so rb a te  
forms two a -b o n d s  with two su rface  metal atoms to give a s t r u c tu r e  
which is e th y len e - l ik e  ( s t r u c tu r e  m). H ow ever, as  was the  case for 
th e  a d s o rb e d  s ta te  of e thy lene  (section  1 .5 .1 ) ,  an a l te rn a t iv e  s t r u c t u r e  
has  b een  p ro p o se d  in which ace ty lene  is 7T-bonded to th e  su rface  
( s t r u c t u r e  1). T h is  means th a t  each TT-electron system  of th e  tr ip le  
b o n d  in te r a c t s  with a metal atom, so th a t  two atoms in the su rface  
c o n s t i tu te  a s ite  for ace ty lene ad so rp t io n .
A lthough  a reasonable  ag reem en t am ongst the  su rface  p h y s ic is t s  
e x is t s  r e g a rd in g  the  adso rp tion  of ace ty lene  on a P t ( l l l )  su rface  a t  low 
te m p e ra tu r e  (^ -7 0 ° C ) , in which the  7T-bonded complex ( s t r u c tu r e  k) h a s  
b een  p o s tu la te d  (47-49), sev e ra l  d i f fe re n t  spec ies  have  been p ro p o sed  
a t room a n d  h ig h e r  te m p e ra tu re s .  For exam ple, F ish e r  e t al. (50), 
from th e i r  ESC A s tu d y  an d  m easurem ents  of w ork function  changes  
r e c o rd e d  d u r in g  ace ty lene ad so rp tio n  on P t ( l l l )  a t 55°C, po in ted  to the  
e x is te n c e  of a d s o rb e d  s ta te s  similar to th o se  of s t r u c t u r e s  ( k ,m ,o ) .
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T he  a u th o r s  a t t r ib u t e d  the  d ec rease  in th e  work function  accompanying 
ace ty len e  a d so rp t io n  to the  ch a rg e  t r a n s f e r  from the  a d so rb ed  molecules 
th e  th e  metal atoms.
S tu d ie s  u s ing  the  UPS te c h n iq u e  (34 ,35 ,48 ,49 )  have ind ica ted  
th a t  th e  simple TT-complex ( s t r u c tu r e  k) which was favou red  at low 
te m p e ra tu re  on a P t ( l l l )  s u r fa c e ,  t ran s fo rm e d  to th e  a-complex 
( s t r u c t u r e  m) a t  room te m p e ra tu re .  A lthough  th e re  was no dissociation 
of ace ty le n e  e n c o u n te re d  on th e  P t ( l l l )  su r face  a t room te m p e ra tu re ,  
f rag m en ta t io n  to CH and  CH^ spec ie s  was r e p o r te d  to occur on N i ( l l l ) ,  
N i( l lO ) ,  Re(100) and  W ( l l l )  (3 4 ,3 5 ) .
LEED h a s  also been  u s e d  by  Kesmodel e t  al. (51) to
in v e s t ig a te  th e  ad so rp tio n  of ace ty lene  on P t ( l l l )  in th e  te m p era tu re
ra n g e  27°-127°C. From the  LEED p ro f i le s ,  th e se  a u th o rs  concluded
th a t  th e  a d s o rb e d  ace ty lene  molecule was loca ted  a t  a site  above the
c e n t r e  of a t r ia n g le  of P t atoms ( s t r u c tu r e  t)  a t  a v e r tica l d is tance  of 
o
1.95A from th e  top of th e  P t la y e r .  T hey  also concluded  th a t  the  
s t r u c t u r e s  r  an d  s a re  most unlikely  species  and  s u g g e s te d  th a t  th e  
h y d ro g e n a t io n  of ace ty lene  o c c u r re d  o ver  the  p r im ary  ad so rb ed  la y e r .
S h e p p a rd  and  Ward (52) have  o b ta ined  in f r a r e d  sp ec tra  of 
a ce ty le n e  a d s o rb e d  on s i l ic a - s u p p o r te d  P t c a ta ly s ts .  T hese  s p e c tra  
show ed b a n d s  a t t r ib u ta b le  to the  olefinic spec ies  ( s t r u c tu r e  m) an d  to 
s u r fa c e  a lky l g ro u p s .  Addition of ^  to the  ^ 2 ^ 2  p re c o v e re d  su r fa c e  
r e s u l t e d  in an  in tens if ica tion  of th e  s p e c t r a  and  the  ap p ea ran ce  of new 
b a n d s  c o r re s p o n d in g  to su rface  a lky l g ro u p s  of s t r u c t u r e  C H ^ C H ^ )^ .  
T h ese  a u th o rs  concluded  th a t  polym erisation  o c c u r re d  be fo re  h y d ro g e n ­
ation via p a r t ia l ly  h y d ro g e n a te d  spec ies  ( s t r u c t u r e s  m ,q ) .  Addition of
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a p rem ix ed  sample of ace ty lene an d  h y d ro g e n ,  in the  ra tio  of 1 : 1 , to a 
clean c a ta ly s t ,  r e s u l t e d  in no de tec tab le  formation of e thy lene  o r  e th a n e .  
R a n d h av a  a n d  Rehm at (53) from th e i r  IR s tu d y  of a d s o rb e d  ace ty lene 
on P t /A ^ O ^  a t  room tem p era tu re  h ave  also p ro p o sed  the  ad so rbed  
spec ies  shown ( s t r u c t u r e s  m and  4), which p ro d u c e d  an in tense  b an d  a t 
1690 cm
In a r e c e n t  NMR s tu d y  of ^ 2 ^ 2  + P t/a lum ina  a t ~ 25°C, Wang 
et al. (54) p ro p o s e d  a model involv ing  a m ixture of species  which 
resem ble  th o se  of s t r u c t u r e s  (m) an d  ( r ) .
T he  e x is ten ce  of several a d s o rb e d  s ta te s  of ace ty lene  on 
s u p p o r te d  pla tinum  g roup  metals h a s  been  dem o n stra ted  in [ 14—C ]ra d io ­
t r a c e r  s tu d ie s  by  Webb and co -w o rk ers  (42 ,55 -57) .  T hese  s tud ies  
show ed the  c o -e x is te n c e  of a t  least  two ad so rb e d  s t a t e s ,  one of which 
was r e ta in e d  on the  su r fa c e ,  the o th e r  which was reac tiv e  and  u n d e r ­
w ent molecular ex ch a n g e  and  reac tion  with h y d ro g e n .  In comparison 
with th e i r  r e s u l t s  of e thy lene  ad so rp tio n  (41,42) th e se  in v e s t ig a to rs  
claimed th a t  th e  e x te n t  of adsorp tion  an d  re te n t io n  was su b stan tia l ly  
g r e a t e r  with ace ty le n e  th an  with e th y le n e .  The conclusions reac h ed  
w ere th a t  th e  a d s o rb e d  s ta te s  of ace ty le n e  which p a r t ic ip a te d  in 
re te n t io n  a n d  h y d ro g en a t io n  were d i f fe re n t  an d  th a t  the  s ite s  for 
a c e ty le n e  a d so rp t io n  were d is tinc tly  d if fe re n t  from those  involved  in 
e th y le n e  a d s o rp t io n .  I t  is im portan t to no te  th a t  th e re  is a growing 
body  of ev idence  in the  l i te ra tu re  em phasis ing  th a t  the  adso rp tion  of 
ace ty le n e  is always accompanied by  deposition  of carbon  leading to th e  
form ation of s u r fa c e  ca rb id e  (31 ,47 -49 ) .  T hese  ca rbonaceous  species 
h av e  b een  s u g g e s te d  by  many w orkers  (36-39) to h ave  an im portan t
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role  as  a sou rce  of s ite s  in h yd rogena t ion  re a c t io n s .  In d e e d ,  the 
r e c e n t  s tu d ie s  by  Webb and  co -w o rk ers  (56-59) have d em onstra ted  th e  
phenom ena of h y d ro ca rb o n ac eo u s  o v e r la y e r  formation. T he ir  r e su l t s  
fo r  th e  ad so rp t io n  of [ 14-C] ace ty lene an d  [ 14-C] e thy lene  on Group VIII 
m etals ,  s u p p o r te d  on silica and alumina a t room te m p e ra tu re ,  have shown 
th a t  th e s e  ad so rp t io n s  o c c u rre d  in two d is t in c t  r e g io n s ,  a n o n -linea r  
p r im a ry  reg ion  an d  a secondary  l inear  reg io n .  The p r im ary  reg ion  on 
each  c a ta ly s t  was s u g g e s te d  to c o r re s p o n d  to mono-layer coverage  and  
c h a ra c te r i s t ic  of a s e lf -h y d ro g en a t io n  p ro c e s s  an d  the  secondary  reg ion  
was r e la te d  to the  formation of a s eco n d a ry  layer  in which h y d ro g en a t io n  
r e a c t io n s  o ccu r .
1 .5 .3  A d so rb e d  S ta te s  of B u tenes  an d  B u tad ienes
By com parison with th e  num b er  of s tu d ie s  re la t in g  to e th y len e  
a n d  ace ty len e  ad so rp tio n  on metal s u r fa c e s ,  much less  work has been  
r e p o r t e d  on h ig h e r  a lkenes and  a lkad ienes .  Hence, information re g a rd in g  
th e  a d s o rb e d  s ta te s  of th is  class of molecules has  been  deduced  from the  
r e a c t io n s  th a t  th ey  u n d e rg o  (31). From the  s tu d ie s  of th e  h y d ro g e n ­
ation  of p ro p ad ie n e  (60 ) ,  b u ta -1 ,2 - d ie n e , b u t a - 1 ,3-diene (43,44) an d  
h ig h e r  co n ju g a ted  d ienes  (45), it has  been  confirmed th a t  th e se  h y d ro ­
c a rb o n s  are  more s t ro n g ly  a d so rb ed  th a n  th e  mono-olefins formed by  th e i r  
h y d ro g e n a t io n .  T h e re fo re ,  the  s t ro n g  ad so rp t io n  of b u ta -1 ,3 -d ie n e  
re la t iv e  to b u t - l - e n e  may s u g g e s t  th a t  b o th  th e  olefinic l inkages  in te r a c t  
w ith th e  s u r fa c e .  By analogy with the  a d s o rb e d  s ta te s  of e thy lene  an d  
a c e ty le n e  (sec tio n s  1 .5 .1 ,  1 .5 .1 ) ,  th e  two possib le  s t r u c t u r e s  of the  
a d s o r b e d  b u t a - 1 , 3 -d iene can be dep ic ted  as  th e  s t r u c t u r e s ,
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H 9C -  CH -  CH -  CH- H9C = CH - CH = CH 0
• I I i I |* * 5*C * * *
(u) (v )
S t r u c t u r e  (u )  r e p r e s e n t s  a s tro n g ly  a d so rb e d  molecule contain ing  four
ca rb o n -m e ta l  o -bonds ,  one from each of th e  fo u r  ca rbon  atoms which 
3
e x h ib i t  sp  h y b r id iza tio n .  However, due to the  fac t th a t  su r faces  are
inhom ogeneous from geometrical cons id e ra tio n s  an d  due  to the  induced
in te rn a l  s t ra in  within th e  carbon  atoms, a d so rb e d  spec ies  in th is  form
would be  u n s ta b le  an d  hence is un like ly . S t r u c tu r e  (v) r e q u i re s  two
n-b o n d s  betw een the  olefinic linkages  of th e  b u ta d ien e  and  th e  s u r face .
2
Since th e  sp hyb rid iza tion  of the  free  molecule is no t likely to be 
g re a t ly  d is tu rb e d  by  th e  in te rac tion  with th e  su r fa c e ,  li ttle  s t ra in  will 
be p r e s e n t  in th e  a d s o rb a te .  Most of the  s tu d ie s  on b u t a - 1 ,3-diene 
h y d ro g e n a t io n  (60-64) have  shown th a t  all th re e  isomers ( b u t - l - e n e ,  
t r a n s - b u t - 2 - e n e ,  cis b u t -2 -e n e )  were form ed. T h is  again  re in fo rces  
th e  idea th a t  b u t a - 1 ,3 -d iene  must have  been  a d s o rb e d  in a way similar 
to s t r u c t u r e  (v )  with th e  molecule u n d e rg o in g  conformational in te r ­
co n v ers io n  to y ie ld  th e  isomeric h y d r o c a r b o n s . T he  re la t iv e  p ro p o r t io n s  
of th e s e  conform ations ( s t r u c tu r e s  w an d  x )  de te rm ines  the  ra tio  of th e  
isomeric b u te n e s .  Addition of a h y d ro g e n  to each of the  term inal
CH 9 = CH 
1 1 \
CH = CH.
C -  C
H2c CH.
an t i  (w) syn  (x ) )
23
carbon  atoms of the  a n t i - b u t a - 1 ,3 -d ien e  ( s t r u c tu r e  w) is e x p ec ted  to 
give t r a n s - b u t - 2 -e n e ,  w hereas  addition  of h y d ro g en  to the  a d s o rb e d  sy n -  
conform ation ( s t r u c tu r e  x )  will p ro d u c e  c i s -b u t -2 - e n e .  I t  shou ld  be 
n o te d ,  how ever,  th a t  th e re  is ,  as y e t ,  no d ire c t  ev idence for th e se  
s t r u c t u r e s  (u  , v ,  w and  x ) . Such  s t r u c t u r e s  were u sed  as a bas is  
fo r  th e  p ro p o sed  mechanisms of b u ta -1 ,3 -d ie n e  h y d rogena t ion  on Group 
VIII metals in the  ea r l ie s t  s tu d ie s  by  th e  g roup  at Hull U n ivers ity  
(60-64) and  s u b se q u en tly  r e p o r te d .
T rad itiona l in f r a re d  sp e c tro sc o p y  has  p layed  a major ro le in 
th e  s tu d y  of th e  ad so rb ed  s ta te s  of th e  d ienes  compounds on va r ious  
s u p p o r te d  metal c a ta ly s ts .  For exam ple, A very  (65) has found  when 
b u t a - 1 , 3 -d iene was ad so rb ed  at 20°C on a clean Pd/SiC>2 s u r f a c e ,  no IR 
sp ec tru m  was o b se rv e d .  S u b se q u e n t  add ition  of h y d ro g en  y ie lded  an 
in te n s e  spec trum  contain ing  b a n d s  similar to those  o b se rv ed  in th e  
ad so rp t io n  of mono-olefins on h y d ro g e n -c o v e re d  su r fa c e s  (2960 cm \
2912 cm \  2874 cm  ^ an d  2855 cm ^) . I t  was also o b se rv e d  th a t  
s u b s e q u e n t  hea ting  of the  a d s o rb e d  spec ies  in the  p re s e n c e  of to 
300°C d id  not remove the  a d s o rb e d  h y d ro c a rb o n s .  T hese  o b se rv a tio n s  
were in t e r p r e te d  in term s of the  formation of species which were
multiply bonded  to th e  su r fa c e .  Similar o b se rv a tio n s  were made on 
l in ea r  an d  b ra n c h e d  h ig h e r  olefins. E ischens  and  Pliskin ( 6 6 ) ,  in th e i r  
e a r ly  in v e s t ig a t io n  of the  ad so rp tio n  of i s o m e r ic -b u te n e s , p e n te n e s  and  
h e x e n e s  a t 35°C on Ni/SiC^ p re c o v e re d  with H^, d iscovered  spec ies  
a d s o rb e d  to the  su rface  via th r e e  o r  more carbon  atoms with a s t r u c t u r e  




to be in d e p e n d e n t  of the  position of th e  C=C double bond in th e  s ta r t in g
olefin . If h y d ro g e n  was adm itted  to th e  su rface  following th e  ad so rp t io n ,
s u r fa c e  1-a lk y l  rad ica ls  of th e  ty p e  - C H ^ C H ^ ^ C H ^  were p redom inan tly
*
form ed. However, IR s tu d ie s  of th e  a d so rp t io n  of p ro p en e ,  t r a n s - b u t -
2 -e n e  an d  1-p e n te n e  on P t/S iO ^ a n d  I r / S i 0 2 (67) dem onstra ted  th e
ex is te n c e  of b o th  ir-bonded C=C an d  Q-bonded -C -C -  spec ies ,  and  su rface
I I I$ + + 
alky l g ro u p s  were formed by  the  action of H 2 .
T h e re  is  IR ev idence th a t ,  of th e  d ienes  examined, allene
form ed th e  su rface  species H2 =C-CH 2 on G roup VIII metals ( 6 8 ) .
* *
CH 2 = CH -  CH = CH 2 CH 2 = CH -  CH - CH 3
(y) (z)
The 7T-adsorbed species  ( s t r u c tu r e s  x an d  y) w ere ob ta ined  from b u ta -
1 ,3 -d iene  adso rp tio n  at low te m p e ra tu re s ,  -80° to 0°C on P d ,  Ni and  Co
su p p o rte d  on y-alum ina. T h ese  7T-species were found to u n d erg o
tran sfo rm a tio n  a t  room te m p era tu re  to g ive  d i - a -a d s o rb e d  spec ies
( s t r u c tu r e  z) (69 ) .
From a s tu d y  by  LEED, th e  ad so rp t io n  of cyclohexene an d
c y c lo -1 ,3 -h e x a d ie n e  on P t ( l l l )  su r fa c e  a t  20°C, ir-adsorbed  s t r u c t u r e s
hav e  been  s u g g e s te d .  T h e re  was no ad so rp t io n  on A u ( l l l )  su r fa c e
u n d e r  similar conditions (70). V ery  r e c e n t ly ,  O udar e t al. (71-73),
us ing  LEED and  AES te ch n iq u es  have  p ro p o se d  th a t  in the  te m p e ra tu re
-9ra n g e  27°-427°C and  at low co v erag es  ( 6  x  10 T o r r ) , b u ta -1 ,3 -d ie n e  
a d s o rb s  flat via the  two olefinic l in k ag es  in the  valleys  of the  P t - ( l lO )
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a n d  (100) su r faces  (a s  s t r u c t u r e  w) . As the  p r e s s u r e  of th e  d iene was 
- 2in c re a s e d  ( 6  x 10 T o rr)  , th e  molecule was a d s o rb e d  on the  topm ost 
la y e r  of th e  P t  atoms as b u ta d ie n y l  o r  b u ty l id y n e  species via one ca rbon  
atom only which can be r e p r e s e n t e d  as follows:
CH., -  CH -  CH = C H ? or 
*
Com prehensive  s tu d ie s  of th e  d ependence  of the  ad so rp tio n  
s ta te s  on metal s t r u c t u r e  have  been  made by  T o u ro u d e ,  Gault and  
L edoux  (74-76),  for Group VIII m etals . In v es tig a tio n s  of th e  isom eris-  
a tion an d  exchange  reac tions  of 1 ,2 -  and  2 , 3-d iM e-cyclopentenes an d  of 
v a r io u s  s t r a ig h t  and  b ra n c h e d  chain  o lefins have  dem onstra ted  th a t  the  
t ran s fo rm a tio n s  o ccu rr in g  via th e  olefins a d so rb e d  in v ar ious  ways p ro ceed  
in para l le l  as competing re a c t io n s .  T he  ra tios  of th e se  t ran s fo rm a tio n s  
w ere found  to depend  on th e  metal u se d  and  its  p re t re a tm e n t  p ro c e d u re .  
T h ese  a u th o rs  p ro v e d  th a t  it  is possib le  to obta in  a co rre la tion  betw een 
th e  v a r io u s  c ry s ta l  faces an d  th e  d i f fe re n t  ty p e s  of ad so rp tio n .  Isom er- 
isa t ion  reac tio n s  which took place via the  assoc ia t ive  mechanism o c c u r re d  
on th e  edge  atoms, while th e  atoms on faces  with h igh  coord ina tion  
n u m b e rs  ca ta ly sed  th e  d irec t  c i s - t r a n s  isomerisation via double bond  
m igration  ( s t r u c tu r e  I) and  TT-alkyl complexes ( s t r u c tu r e  I I ) .  T he  la t te r  
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1 . 6  T he  A dso rp tion  of C arbon  Monoxide on Metal S u rfaces
A wealth of w ork has  b een  done in re c e n t  y e a r s  to t ry  to
u n d e r s t a n d  th e  in te rac t io n  of ca rb o n  monoxide with metal s u r fa c e s .  
P rim arily  th is  is because  CO chem isorp tion  is an im portan t s tep  in 
v a r io u s  in d u s tr ia l ly  im portan t r e a c t io n s ,  such  a s ,  methanol s y n th e s is ,  
the  F is h e r -T ro p s c h  p ro cess  and  th e  formation of alcohols. Secondly ,
CO h a s  been u sed  widely as a p ro b e  for ca ta ly s t  su rface  a reas  and  as a 
t e s t  molecule to d is t in g u ish  th e  ac t iv e  c e n t re s  in th e  cata ly tic  re a c t io n s .
been  th e  su b jec t  of a su rv e y  by  F o rd  (77) and  ano the r  review co n ce rn in g  
th e  use  of in f r a re d  sp ec tro sco p y  in th e  s tu d ie s  of CO adso rp tion  on 
s u p p o r te d  Group VIII metals has  been  made by S h e p p a rd  and  N guyen  (78) .  
I n d e e d ,  much of th e  ev idence fo r  th e  n a tu r e  of th e  ad so rb ed  s ta te s  of 
c a rb o n  monoxide on metal s u r fa c e s  h a s  come from in f r a r e d  spec troscop ic  
s tu d ie s ,  th o u g h  the  rece n t ly  e s ta b l is h e d  te ch n iq u es  such  a s ,  LEED, TPD , 
an d  AES, have been employed in th e  p a s t  few y e a r s  and  have y ie lded  
u se fu l  inform ation which will inev itab ly  enable the  u n d e rs ta n d in g  of th e  
CO-metal in te rac t io n s  to be im proved .
The c u r r e n t  know ledge of th e  spec tro scopy  of ad so rb ed  
molecules on c a ta ly s t  system s o r ig in a te d  from the  p ioneering  work of
T he  adso rp tio n  of ca rbon  monoxide on tran s i t io n  metals has
27
E ischens  and  his co -w o rk e rs  (79,80) a n d  was based  on th e  da ta  of 
organom etallic  ch em is try .  T he  C-O s tre c h in g  f req u en cy  of gaseous CO 
is a t 2143 cm  ^ an d  th is  b a n d  was o b s e rv e d  to sh if t  to be tw een  2000 cm  ^
an d  2 1 0 0  cm  ^ a f te r  m onodentate  l igand  formation with t ran s i t io n -m e ta l  
com pounds of Ni, Fe, Co, Mn an d  Re. The formation of b i -d e n ta te  
l ig an d s  cau sed  a g re a te r  sh if t  in f re q u e n c y  to below 2000 cm In view
of th is  ana logy , E ischens  et al. (79) a t t r ib u te d  the  b an d s  a t above 2000 
cm  ^ to a " linear" CO g roup  on th e  su r fa c e  (T ype  A) and  those  below
T ype  A T ype B
2000 cm  ^ to a "b r id g ed "  CO species  (T ype  B ) .  However, a l though  
th e se  ass ignm en ts  still f ind  accep tance  among su rface  s c ie n t i s t s ,  th e re  is 
u n c e r ta in ty  concern ing  th e  low f re q u e n c y  b a n d .  B lyholder (81) 
cau t io n ed  the  in te rp re ta t io n  of th e  low freq u en cy  b an d  as be ing  due  to 
th e  b r id g e d  carbony l form, po in ting  out th a t  s ign if ican t b ack -d o n a tio n  
of e lec tro n s  from th e  metal to th e  a d s o rb e d  carbon monoxide may d is tu rb  
th e  l in ea r  form s. He also s u g g e s te d  th a t  su rface  atoms a t  the  edges  an d  
c o r n e r s  may be favou rab ly  pos itioned  to p roduce  such  back  d o n a t io n . 
O th e r  w o rk e rs ,  how ever,  a s c r ib e d  th e  appea rance  of th e  low freq u en cy  
b a n d  to changes  in su r face  to p o g ra p h y  (82 ),  s in te r ing  (83),  s u p p o r t  
e f fec t  o r  O 2 contam ination (8 4 ) .  In view of th i s ,  some ca re  is r e q u i r e d
28
in re la t in g  CO adso rp tion  d irec tly  to  the  free-m etal su r fa c e  a rea .
The CO-Rh/Al^O^ system was s tu d ie d  by Yang an d  G arland  
(85) ,  who s u g g e s te d  a species  cons is t ing  of two linear CO molecules 
b o n d ed  to a s ingle  rhodium  atom (T y p e  C or D ) , which showed two p eak s  
as doub le ts  a t  2095 and  2027 cm ^
O O O  O
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T he  single  b an d  which o c c u rre d  a t  2062 cm  ^ was a sc r ib e d  to a linear 
spec ies  with one CO p e r  Rh atom ( ty p e  A ) .  Similar spec ies  were 
a s s ig n e d  for CO adso rp tion  on P d /S K ^  (82) and  N i/S K ^  (79) a t room 
te m p e ra tu re .  The IR sp e c tr a  of c a rb o n  monoxide chem isorbed  on Ru 
s u p p o r te d  on bo th  A ^O ^  and  was r e p o r te d  by L ynds  ( 8 6 ) .  For the
R u /A ^ O ^  b a n d s  were o b s e rv e d  a t 2125 cm  ^ and  2060 cm \  w hereas  for 
R u /S i0 2  sample, b an d s  o c c u r re d  a t  2151 cm  ^ and  2083 cm In
c o n t r a s t ,  Ru/MgO showed only one s t ro n g  b an d  at 2030 cm  ^ an d  has  
been  c h a ra c te r i s e d  as due to multiple CO adso rp tion  on one single  Ru 
arom (T ype  C) (84).  For CO ad so rp t io n  on I r ,  only one b a n d  has  also 
been  o b s e rv e d  ( 8 6 ); th is  o c c u rre d  a t 2070 cm  ^ when an alumina s u p p o r t  
was u sed  and a t 2074 cm  ^ when a silica su p p o r t  sample was em ployed.
The in f r a re d  spec trum  of ca rbon  monoxide a d so rb e d  on a 
pla tinum  su rface  was f i r s t  determ ined  by  E ischens et al. (79) . A dso rp tion  
of CO on s i l ic a -su p p o r te d  P t  led to the  appea rance  of only one a d so rb e d
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spec ie s  with a b an d  a t 2073 cm  ^ (T y p e  A ) .  A dsorp tion  on the  alumina- 
s u p p o r te d  sample gave r is e  to two b an d s  a t 2040 cm  ^ and  1820 cm
T anaka  and  White (87) r e p o r te d  the  IR of th e  system  C O -P t/  
T iO^. On a re d u c e d  ca ta ly s t  (a t  200°C), two ty p e s  of l in ea r  species  
w ere o b s e rv e d  and  a ss ig n e d  to P t - t e r r a c e  s i te s  (2094 cm and  P t - s te p  
s i te s  (2077 cm with a b a n d  app ea r in g  a t 1854 cm  ^ which was 
a t t r ib u t e d  to the  b r id g e d  species  (T ype  B ) .  When the  ca ta ly s t  was 
r e d u c e d  at 400°C, the  b r id g e d  an d  te r r a c e  species  were rem arkab ly  
r e d u c e d .  On oxidized sam ples, th e  IR b an d s  of th e se  species  were 
s h if te d  to the  h igh  f re q u e n c y  reg io n ,  te r r a c e s  to 2130 cm \  s te p s  to 
2101 cm  ^ and  b r id g e d  to 1880 cm In add ition ,  th e se  a u th o rs  have
also o b s e rv e d  weak b a n d s  a t  2060 cm  ^ and  1942 cm which were 
th o u g h t  to be due to a d icarbony l species  (T y p e  C ).  Similar a s s ig n ­
m ents  have been  made by  Haaland ( 8 8 ) on P t/A l^O ^. His IR spec trum  
show ed th re e  CO b a n d s ,  2094 cm  ^ ( l i n e a r - t e r r a c e s ) , 2045 cm ^
( linear  s te p s )  and  1850 cm  ^ (b r id g e d  CO) . T hese  b a n d s  were sh if te d  
(Av ~ 25 cm ^) to lower en e rg y  as th e  adso rp tio n  te m p e ra tu re  was 
in c re a se d  from 27° to 187°C. However, d u r in g  te m p e ra tu re  program m ed 
d eso rp tio n  (TPD) of th e  a d so rb e d  CO in the  ra n g e  27°-527°C, the  
b r id g e d  (1850 cm ^) b a n d  sp lit  into  two b a n d s .  T hese  b a n d s  were 
a t t r ib u t e d  to CO species a d so rb ed  in 2-Pt (T ype  D) and  3 -P t (T y p es  E, 
F or G) s i te s .
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T ype  (E) T y p e  (F) T y p e  (G)
30
The above r e s u l t s ,  o b s e rv e d  on s u p p o r te d  c a ta ly s ts ,  show a
g en era l  agreem en t with the  CO adso rp tio n  da ta  ob ta ined  on P t ( l l l )
s ing le  c r y s ta l s .  This  ind eed  p ro v id es  some a s s u ra n c e  th a t  o b se rv a tio n s
made on single  c ry s ta l  su r fa c e s  a t  low p r e s s u r e s  and  te m p e ra tu re s  a re
app licab le  to rea l c a ta ly s ts  u n d e r  working cond itions . For exam ple,
H ayden an d  B radshaw  (89), in a s tu d y  u s ing  a combination of IR-
re f le c t io n -a b so rp t io n  sp ec tro sco p y  (IR A S), TPD and  LEED te ch n iq u e s ,
confirm ed  the  p re sen ce  of bo th  th e  linear  (2094 cm  ^ and  2040 cm ^)
a n d  b r id g in g  (1840 cm  ^ an d  1857 cm ^) a d s o rb e d  CO on a P t ( l l l )
s u r fa c e .  The linear CO b an d s  were in sen s it iv e  to the  adso rp tion
te m p e ra tu re  (-178 to 27°C) . On th e  o th e r  h a n d ,  a p ro n o u n ced  grow -in
to the  b r id g in g  b ands  o c c u r re d  as the  te m p e ra tu re  was in c re a s e d .
H ow ever, th e se  b r id g in g  b a n d s  were p r e s s u r e  d e p en d e n t and  a p p e a re d
only a t 0 CQ > 0.33, w hereas  the linear  spec ies  developed at co v e ra g es
as low as 0  ~ 0 . 0 1 .
C O
The adsorp tion  of ca rbon  monoxide on P t ( l l l )  in the  p re s e n c e
of alkali metal atoms, su ch  as po tass ium , h as  been  re p o r te d  (9 0 ,9 1 ) .
T he  a d so rp tio n  c h a ra c te r i s t ic s  of CO en h an c ed  cons iderab ly  as the
am ount of K was in c re ased  (AH , in c r .  from 104.7 to 150.5 k J  mol ^) .a d s .
T h is  e ffec t was expla ined  as being  due to ch a rg e  t r a n s f e r  from K to P t 
a n d  an in c re a se  in the  b ack -d o n a t io n  from P t  to CO. Whilst d is so c ia t­
ion to C and  O has  no t been  ru le d  ou t in th e se  s tu d ie s ,  it has been 
r e p o r te d  to occu r  on A ^ O ^  (92 ) .
A lthough many p a p e r s  have  dealt with CO ad so rp tio n  on 
s u p p o r te d  P t c a ta ly s ts ,  th e  only s tu d y  c o n ce rn ed  with th e  m easurem ents  
of h ea t  of adso rp tion  of th is  molecule on th e se  su r fa c e s  has  re c e n t ly  been
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r e p o r te d  by  Va»\v\Jee e t  a l. (93).  The o b se rv e d  AHa(j s of carbon  
monoxide adso rp tion  on P t  s u p p o r te d  on SiC^, S K ^ -A ^ O ^ ,  and
TiC^ were in th e  ra n g e  87 .8-133 .8  kJ mol  ^ a t  the  adso rp tio n  te m p era tu re  
27°C (red u c t io n  in a t 450°C) . In  c o n t ra s t ,  ad so rp tion  a t  -58°C 
gave va lues  between 87.8 an d  133.8 k J  mol \  T he a u th o rs  claimed 
th a t  th is  varia tion  in was a function  of c ry s ta l l i te  size; the
b ig g e r  the c ry s ta l l i te ,  the  h ig h e r  , with the  w eaker P t-C O  bond
o ccu rr in g  as the  P t d isp e rs io n  was in c re a sed .
D espite  the  fac t th a t  r a d io t ra c e r  te ch n iq u es  p ro v id e  no 
inform ation about the  chemical iden ti ty  of ad so rb e d  sp ec ie s ,  n e v e r th e le s s  
its sen s i t iv i ty  of detection  can revea l the  e x te n t  of ad so rp tio n  and  
deso rp tio n  for a molecule such  as CO. For exam ple, Thomson and 
c o -w o rk e rs  (94),  s tu d ie d  th e  in te rac t io n s  of [ 1 4 -C ]-ca rb o n  monoxide 
with Pt/A l^O ^ and  P t/S K I^ . On bo th  c a ta ly s ts  two forms of CO were 
id e n tif ied ,  one was weakly ad so rb e d  (~ 35%) rem ovable by  ^  f la sh ing ,  
the o th e r  was s t ro n g ly  b o u n d  to th e  su rface  an d  could only be rem oved 
by  therm al trea tm en t a t 210°C. The therm al d eso rp tio n  p ro d u c e d  a 
m ix ture  of CO2 and  CO with the  ra tio  of the  form er to the  la t te r  being
7.07 fo r  the alumina- an d  0.70 for the  s il ica-P t c a ta ly s ts .  Webb an d  
c o -w o rk e rs  (56-59, 95-97) have  u sed  [14-C ]-C O  ad so rp t io n  as  a p ro b e  to 
d is t in g u is h  betw een th e  ac tive  s ites  in ace ty lene  ( 56-59)., p ro p y len e  
(95) h y d ro g en a t io n s  on G roup VIII s u p p o r te d  metals and  in methanol 
s y n th e s is  reac tions  on C u /Z n O /A ^ O ^  c a ta ly s ts  (9 6 ,9 7 ) .
F ina lly ,  the  e n su in g  p a r a g ra p h  is a summary of the  f ind ings  
r e p o r te d  by many w o rk ers  (98) on CO ad so rp tio n  on EUROPT-1 c a ta ly s t  
which is one of th e  c a ta ly s ts  exp lo red  in th is  s tu d y .
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The ad so rp tio n  of CO on EUROPT-1 a t  room te m p era tu re  using  
the volum etric method in fo u r  la b o ra to r ie s  employing va r ious  red u c t io n ,  
evacuation  schedu le s  an d  CO p r e s s u r e s ,  p ro d u c e d  iso therm s which 
showed th a t  cons iderab le  a d so rp t io n  o ccu rred  a t  low p r e s s u r e s  with the  
h igh  coverage  be ing  ach ieved  at an equilibrium p r e s s u r e  of 1 T o r r .
The iso the rm s d isp lay ed  pos itive  g ra d ie n ts  as th e  p r e s s u r e  was in c re a se d .
E x trapo la tion  of th e  iso therm s to zero p r e s s u r e  y ie ld ed  a value of 190 ±
- 1  20 10 u mol CO g which c o r re s p o n d e d  to 1.14 ± 0.06 x 10 CO molecules
g Each gram of EUROPT-1 con ta ined  1.95 x 1 0 ^  P t  atoms, hence ,
the  C O :P t ra t io  was ca lcu la ted  to be 0.6: 1.0 . T he IR sp e c tra  of
a d s o rb e d  CO on F ^ -d e p le te d  su r fa c e  showed a s t ro n g  b an d  at 2070 cm ^
and  two weak b a n d s  a t 1854 cm  ^ an d  1715 cm  ^ with the  majority of
chem iso rbed  CO p r e s e n t  in the  l inear  form.
1. 7 The A dsorp tion  of H ydrogen  on Pt-Metal S u rfaces
D esp ite  the  simplicity of the  h y d ro g en  molecule, H^, an d  the 
v a s t  num ber of s tu d ie s  r e p o r te d  in the  l i t e r a tu r e ,  i ts  in te rac t ion  and  
fate  on metal su r fa c e s  is  fa r  from u n d e rs to o d  (9 9 ) .
T he  ad so rp t io n  of on P t su rfaces  h as  been  r e p o r te d  to 
ex is t  in d if fe re n t  form s. For exam ple, T su ch in y a  e t a l. (100), u s ing  a 
te m p e ra tu re  program m ed deso rp tio n  (TPD) te c h n iq u e ,  s tu d ie d  the chemi- 
so rp tion  of on P t-b la c k  in the  te m p era tu re  ra n g e  -196°C to 397°C. 
Fou r  p eak s  a p p e a re d  in the  TPD spec trum  a t -103° , -23° ,  77° and  297°C 
and  th e se  h ave  been  d e s ig n a te d  by  th e se  a u th o rs  as  h y d ro g e n  a d so rb e d  
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N agy an d  c o -w o rk e rs  (101) o b se rv e d  an additional h y d ro g e n  peak  at 
217°C which th e y  called th e  e -p eak .  They also found  an inh ib iting  
e ffec t of the  e a n d  y h y d ro g e n  on the  h y d ro g en a t io n  of the  C=C double 
bond  (cyc lo h ex en e ,  e th y le n e ,  b u t - l - e n e ) .  P t-b la c k  c a ta ly s ts  conta in ing  
the  o -h y d ro g en  only h y d ro g e n a te d  olefins about s ix  times more rap id ly  
than  those  which co n ta in ed  any  of the  o th e r  H -form s of h y d ro g e n .
For P t-f i lm s, S te p h e n  e t al. (102) found  th ree  s ta te s  of h y d ro g en  with 
d eso rp tion  maxima a t  -153°, -73° and  75°C (called  y ,  3^, 3 2 ) a n d they  
eva lua ted  th e ir  r e s p e c t iv e  en e rg ies  of adso rp tion  ) as  34, 50, 88
k J  mol
C andy  a n d  h is  colleagues (103) s tu d ie d  th e  ad so rp tio n  and  
therm al d eso rp tio n  of on P t/S iC ^  (EU RO PT-1), P t /A ^ O ^  an d  P t /Y -  
zeolite . Two ty p e s  of su rface  spec ies  could be  form ed on adso rp tion  of 
( 3^» $ 2)  TPD p eak s  ap p ea r in g  a t  27° an d  427°C, re sp e c t iv e ly .
T hese  a u th o rs  p ro p o s e d  an on top (d i r e c t  on P t)  a d so rp t io n  for 3-^  an d  
in te r s t i t ia l  ( in te ra tom ic  holes) ad so rp tio n  for the  s ta te  when hy d ro g en  
was a d so rb e d  on th e  s u p p o r te d  P t  ca ta ly s ts  a t  627°C, which was a t t r ib u te d  
to S i-O -H -P t o r  A l-O -H -P t  b r id g e d  species  and  show ed a TPD signal at 
477°-527°C. Menon an d  From ent (104,105) r e p o r te d  the  TPD of from 
P t/S iC ^ ,  P t /A ^ O ^  a n d  P t /T iC ^  c a ta ly s ts  re d u c e d  a t  197°-497°C and  
cooled to 20°C. F o r  samples re d u c e d  a t 197°C, th e  deso rp tion  of was
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complete by  a b o u t  350°C, with the  spec trum  co n s is t in g  of two overlapped  
p eak s  with th e i r  maxima a t approxim ately  97° and  197°C. When the 
c a ta ly s ts  were r e d u c e d  a t  300°, 400°, an d  500°C, th e se  two peaks  became 
smaller with s im ultaneous  desorp tion  of a t h ig h e r  te m p era tu re  at 
a b o u t 497°C. T h is  in te re s t in g ly  shows th a t  the h y d ro g e n  a d so rb ed  a t 
the  h ig h e r  t e m p e ra tu re  of reduction  can be d e so rb ed  only a t  h ighe r  
te m p e ra tu re .
K onvalinka a n d  co -w orkers  (106,107) s tu d ie d  the  TPD of
h y d ro g e n  from s u p p o r te d  and  u n s u p p o r te d  P d , Ni, I r  an d  Pt ca ta ly s ts .
T hey  iden tif ied  th r e e  ty p e s  of a d so rb e d  h y d ro g e n s ,  nam ed as "weak",
" s t ro n g "  and  " v e ry  s t ro n g "  ch em iso rp tio n s . T hey  also found  th a t  the
h ea t  of a d s o rp t io n ,  AH ^ t of these  ty p e s  of h y d ro g e n  were close to
each o th e r  fo r  th e  d i f fe re n t  ca ta ly s ts .  The va lues  of AH . were founda d s .
as  approx im ate ly  (19) w eak, 25 ( s t ro n g )  and  30 k J  mol 1 (v e ry  s t r o n g ) .  
T h ese  a u th o rs  co n c lu d ed  th a t  ca ta ly tic  d if fe ren ces  be tw een  th e se  metals 
shou ld  be a s c r ib e d  mainly to d iffe rences  in in te rac t io n  with the  s u b ­
s t r a t e s  u n d e r  h y d ro g e n a t io n  conditions and  not to d if fe re n ces  in the 
h y d ro g e n  in te ra c t io n  with ca ta ly s t  s u r fa c e s .
T he a d so rp t io n  of ^  on P t ( l l l )  a t -123°C h a s  been  r e p o r te d  
by  C hris tm ann  e t  a l .  (108). I t  also gave r ise  to two a d s o rb e d  s ta te s ,  
called 3 and  3  ^ with  a tem p era tu re  of maximum d eso rp t io n  between 
-8 3 °  an d  -43°C fo r  3^ a n d  47°-67°C for 32*
Paa 1 a n d  Thomson (109,110) u ti lized  th e  r a d io t r a c e r  techn ique  
to examine the  p o ss ib il i ty  of re ten tion  of by a P t-b la c k  ca ta ly s t  us ing  
tr i t ium  ) a s  a t r a c e r .  Using gas p ro p o r t io n a l-  a n d  scin filiation -  
c o u n te r s ,  they  w ere  able to monitor the^H gas p h a se  by  th e  former and
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an d  estim ated  th e  ad so rp t io n  and  re te n tio n  by  th e  la t te r  c o u n te r .
T h ese  a u th o rs  r e s u l t s  showed th a t  tr itium  ad so rp tio n  o c c u r re d  at 20° 
and  360°C and  i ts  removal could be ach ieved  e i th e r  by  ex p o su re  to air 
(96%), by  vacuum (100%), or by exchange  with n o n -rad io a c t iv e  at 
360°C (98%). T h ey  also identified  two c lasses  of h y d ro g e n  on the 
s u r f a c e ,  H , which was s tab le  even a t 360°C and  which they  p roposed  
resem bled  bo th  th e  y  and  a ty p e s  of T su ch iy a  e t  a l.  (100), and  ano ther  
form deno ted  a s ,  H , which they  su g g e s te d  to c o r re s p o n d  to abso rbed  
h y d ro g e n .  E a r l ie r ,  Thomson and colleagues (111) h ad  in v e s t ig a ted  the  
re te n t io n  of on P t ,  Rh and  Pd su p p o r te d  on c a ta ly s ts ,  using
e thy lene  as a te s t  molecule. They found th a t  th e  amount of reac tive  
was d is t in g u ish ab le  on th e se  c a ta ly s ts ,  in th e  o rd e r  Pd ~ Rd > P t ,  
a l th o u g h  the  to ta l amount of re ta in ed  h y d ro g e n  was in the  o rd e r  P t ~ Rh 
> P d .
Lang e t  a l. (112) dem onstra ted  th a t  on P t ( l l l )  s ingle  c ry s ta l s ,  
H 2 could form s u b - s u r f a c e  la y e rs .  The a d s o rb e d  h y d ro g e n  d isappea red  
as th e  c ry s ta l  was h ea te d  in vacuum . However, upon  trea tm e n t,  
the  H 2 species r e a p p e a re d  again on the  su r fa c e .  T h is  cycle was 
rep ro d u c ib le  s e v e ra l  times.
Wells (113) s tu d ie d  the  re te n tio n  of h y d ro g e n  by  P t-b la ck  
c a ta ly s ts  a f te r  th e i r  red u c t io n  in H2 . Using b u te n e  hy d ro g en a t io n  and  
H2- D 2 exchange  reac t io n s  as a t i t r a n t  for th e  a d so rb e d  H2 , it was found 
th a t  a p rop o r t io n  of ^  could be t i t r a te d  r a p id ly ,  w hereas  th e  rem ainder 
ex ch a n g ed  over a le n g th  of time. Wells p ro p o se d  th a t  the  la t te r  type  
of h y d ro g en  could be  conta ined  in microscopic an d  even  sub-m icroscopic
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cav itie s  of th e  P t-C ry s ta l l i t e  s t r u c tu re .  T h is  phenom enon was te rm ed 
Occlusion
The phenom enon of migration of chem isorbed  atoms from the
metal to i ts  s u p p o r t  is known as h y d rogen  s p i l lo v e r . For in s tance ,
3
T aylo r  e t al. (42) s tu d ie d  tr itium  (H ) re te n t io n  by  R h ,  P d  and  Pt 
s u p p o r te d  on Al^O^. T h ey  found the  ra t io  of H :P t - s u r f a c e s  to be 23.6 
( R h ) ,  5 .7  (Pd) an d  97.1 ( P t ) .  In c o n t ra s t ,  the  ra t io  of H :to ta l metal 
was abou t 0.7 for Rh and  Pd and 1.4 for P t .  With in c re a s in g  d ispers ion  
the  H :P t - s u r f a c e  ra t io  in c re a se d  from 1 for 5% Pt/A l^O ^ to 64 for a 0.1% 
Pt/A l^O ^ c a ta ly s t .  T hese  au th o rs  concluded , th e re fo re ,  th a t  the 
re te n t io n  must be a t t r ib u t e d  to ^ - s p i l l o v e r  to the  s u p p o r t  and  was 
th o u g h t  to be asso c ia ted  with the  OH g ro u p s  of th e  alumina su p p o r t .
Similar conclusions w ere re a c h e d  by Altham and  Webb (43) for P t /A ^ O ^  
and  P t /S iC ^ .  T he phenom enon of ^ - s p i l l o v e r  was found  to be more 
p ro n o u n ced  on the  form er than  on the  l a t t e r  c a ta ly s t .
B ianchi e t al. (114) conducted  a system atic  s tu d y  to inves t iga te  
the  H ^-sp illover phenom enon. A Pt/A l^O^ c a ta ly s t  was initially k ep t  in 
a g la ss  b u c k e t  above in e r t  oxides (MgO and  S iO ^ ) . A f te r  ex p o su re  to 
in the  te m p e ra tu re  r a n g e  197°-397°C, th e  c a ta ly s t  b u c k e t  was removed 
from th e  system  and  th e  oxide materials were then  s tu d ie d  sep a ra te ly .  
T hese  m ateria ls  s u rp r i s in g ly  acqu ired  en t ire ly  new ca ta ly tic  p ro p e r t ie s  
for ca ta lyz ing  v a r io u s  re a c t io n s ,  such  a s ,  h y d ro g e n a t io n ,  d eh y d ro g en a tio n ,  
h y d ro g e n o ly s is  and  even  c rack ing  of h y d ro c a rb o n s  a t mild te m p era tu re s  
in the  ra n g e  167°-267°C. These  a u th o rs  e x te n d e d  th e i r  investiga tion  to 
the  C ^ H ^ / ^ / P t / A ^ O ^  sys tem . They found  th e  am ount of e thane  formed 
was always much h ig h e r  than  the  amount of initia lly  a d so rb e d  and
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s u g g e s te d  a chain mechanism for e thy lene  h y d ro g e n a t io n ,  th a t  is ,  once 
h y d ro g e n  atoms formed on P t and  m igrated  to A ^ O ^ ,  th ey  were able to 
maintain th e  h y d ro g en a t io n  p ro c e ss .
P a re ra  an d  co -w o rk e rs  (115) s tu d ie d  l ^ - s p i l l o v e r  on Pt/Al^O^ 
c a ta ly s ts  con ta in ing  v a ry in g  amounts of Cl , u s in g  n -h e p ta n e  as a model 
molecule. T hey  found  a s ign if ican t co rre la tion  betw een Cl con ten t and  
H2 sp il lover .  P t /A ^ O ^  c a ta ly s ts  conta in ing  ~ 0.9% w t/w t Cl showed a 
h ig h e r  te n d en cy  fo r  P ^ - s p i l lo v e r . M oreover, th is  ca ta ly s t  d isp layed  
the  most s tab le  ca ta ly tic  ac tiv ity  and  minimum coke deposition  in re fo rm ­
ing of n -h e p ta n e  a t 467°C. I t  is in te re s t in g  to no te  th a t  th e  optimum 
low coke formation e n c o u n te re d  in th is  s tu d y  as  a function  of Cl con ten t 
and  th e  amount of sp illover H2 must a r ise  from th e  fact th a t  a reasonab le  
p ro p o r tio n  (~ 1/2) of the  h y d ro x y ls  of A ^O ^  a re  s u b s t i tu te d  by  Cl and  
the  sp illover h y d ro g e n  minimized the ca rb id e  p r e c u r s o r s  ( f ragm en ted  
h y d ro c a rb o n s )  from deposition on the  s u p p o r t  su r fa c e  w hich, for such  
reac t io n s  ( c ra c k in g ,  re fo rm in g ) ,  ac ts  as a second  cata ly tic  p h ase .  
E nrichm ent of c a ta ly s t  m ateria ls  with Cl is ,  now adays ,  a w ell-recognised  
a d v a n ta g e  for th e  in d u s tr ia l ly  u sed  c a ta ly s ts .
The o th e r  phenomenon which is qu ite  o ften  blamed for loss of 
c a ta ly s t  ac t iv ity  when c a ta ly s ts  a re  su b jec ted  to 1 ^  at h igh  te m p era tu re  
(> ~ 250°C) or when a d ecrease  in H2 or  CO chem isorp tion  capacity  is 
o b s e rv e d ,  is known as S in te r in g .  T h is  e ffec t h a s  been  reco g n ise d  
s ince the  a d v e n t  of th e  use  of transm ission  e lec tron  microscopy (TEM) 
for th e  s tu d y  of c a ta ly s t  materials  (116). B a ird  e t  a l. (117), using  
TEM, in v e s t ig a te d  the  e x te n t  of s in te r in g  of a P t -b la c k  c a ta ly s t  u n d e r  
d if fe re n t  cond itions . T he  f re s h  ca ta ly s t  showed a c ry s ta l l i te  size of
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8 nm. T h is  was found  to inc rease  to 12.5 nm ( u n d e r  He or a i r ) ,  14 nm 
(in v a c u o ) ,  18 nm (u n d e r  pu lses )  and  50-60 nm (u n d e r  a t
297°-397°C ). Chu and  R uckens te in  (118) s tu d ie d  th e  s in te r in g  and  
r e d is p e rs io n  of P t  on A ^O ^ .  The change  in s ize , shape  an d  position of 
the  P t  c ry s ta l l i te  was followed by  examining th e  specimen a f te r  each s tep  
by  TEM. S evera l cycles of hea t ing  th e  sample in 1 T o r r  of and  
a t 747°C w ere r e q u i r e d  befo re  P t-c ry s ta l l i te s  s t a r t e d  to r e d is p e r s e .  T he 
a u th o rs  conc luded  th a t  hea ting  in ^  p ro d u c e s  s in te r in g  because  metallic 
P t canno t wet ( s t ic k  on) the  su rface  an d  hence  h as  no s tro n g  in te rac t ion  
with i t .  F iderow  e t  al. (119) h ave  also s tu d ie d  th e  ch an g e s  in d ispers ion  
of A l2 0 ^-s u p p o r te d  P t ,  I r  an d  Rh c a ta ly s ts .  T h e ir  r e s u l t s  showed th a t  
therm al tre a tm e n t  a t  247°-797°C in gave a s tab i l i ty  o rd e r  of Rh > P t  > 
I r ,  w hereas  in H2 , the  sequence  was I r  > Rh > P t .
F ina lly ,  n ine  lab o ra to r ie s  have  in v e s t ig a te d  ^ “adso rp tion  on 
EUROPT-1 c a ta ly s t  using  conventional volum etric p ro c e d u re s  (120).
A fte r  being ev a c u a te d  th e  sample was re d u c e d  be tw een  155°-400°C and  
then  ev a c u a te d  again a t 300°-500°C. The amount of chem isorbed  h y d ro g en  
a t 40 T o r r  equilibrium  p r e s s u r e  lay betw een 163 an d  190 n mol g \  The 
ad so rp t io n  iso the rm s  did  n o t  show a p la teau  reg ion  up to ~ 300 T o r r  
equilibrium  p r e s s u r e .  The te m p e ra tu re  p rogram m ed deso rp tion  (TPD) 
of H2 o ver  th e  ra n g e  -173° to 627°C showed fou r  o ve rlapp ing  p eak s  with 
th e ir  maxima a t -155°, 109°, 237° and  470°C. B ased  on a s tu d y  (121) 
by  e x te n d e d  X -ra y  ab so rp tio n  fine s t r u c t u r e  (EX A FS), u s ing  th e  same 
h y d ro g e n  red u c t io n  p ro c e d u re  an d  evacuation  a t  250°C, the  P t  p a r t ic le s  
were found to co n s is t  of Pt(Dx u n i ts  (x  ^ 6 ) .  T h u s  a change  in P t 
c h a ra c te r  o c c u r re d  re su l t in g  in P t-O  bond  form ation. T h e re fo re ,
39
a d so rp tio n  on th is  c a ta ly s t  will f i r s t  involve th e  h y d ro g e n o ly s is  of the 
P t-O  b o n d ,  as  shown in equa tions  (1) and  (2 ) .
2(E S i-O -P t- )  + H 2 — ► 2(= Si-OH) + - P t - P t -  (1)
E S i-O -P t-  + H 2 — ► E Si-OH + H -P t-  (2)
I t  h a s  been  p ro p o se d  (120) th a t  the amount of d e s o rb e d  h y d ro g e n  at 
237°C c o r re sp o n d e d  to th e  amount of r e q u i r e d  to r e v e r s e  the c h a ra c te r  
ch an g e  rev ea led  by  EXAFS (equations  1 ,2 ) .  T h e  -155°C peak  was
s u g g e s te d  as be ing  due to weakly chem isorbed  h y d ro g e n  on P t  atoms of
low coordina tion  n u m b e r .  The b and  a t 109°C h as  been  a s s ig n e d  to 
h y d ro g e n  a d s o rb e d  s tro n g ly  on the  P t-a tom s an d  th a t  a t  470°C a t t r ib u te d  
to the  sp illover H 2>
1. 8 T he H ydrogena tion  of A lkynes and  Dienes
T he  h y d ro g e n a t io n  of a lkynes  and  a lkad i n s  has been  d iscu ssed  
in some detail by  Bond and  Wells (31) and  by Webb (4 5 ) .  I t  is genera lly  
co n s id e re d  th a t ,  b e fo re  u n d e rg o in g  h y d ro g e n a t io n ,  an u n s a tu r a te d  h y d ro ­
ca rb o n  m ust be a d s o rb e d  on to the  metal s u r fa c e .  T he  a d s o rb e d  s ta te s  
of e th y len e  ( s t r u c tu r e  e ,  section 1 .5 .1 ) ,  ace ty len e  ( s t r u c t u r e  1, section 
1 .5 .2 )  an d  b u t a - 1 , 3 -d iene ( s t r u c tu r e  v ,  section 1 .5 .3 )  a re  genera lly  
acc ep ted  as th e  ca ta ly tica l ly  active forms of th e se  h y d ro c a rb o n s  on 
c a ta ly s t  s u r fa c e s .
I t  is well known th a t  the  h y d ro g en a t io n  of multiply u n s a tu ra te d  
h y d ro c a rb o n s  o v er  metal s u r fa c e s  is a much more complex system  than
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th a t  of the mono-olefins (31 ) .  This  is mainly because  of th e  various  
pa ra l le l  reac tions  in v o lv ed ,  leading to th e  formation of a v a r ie ty  of 
d i f fe re n t  p ro d u c t  (m ono-olefins, isomeric o lefins ,  p a ra f f in s )  with a d eg ree  
of p re fe re n c e  for one of th e se  p ro d u c ts .  T he e x te n t  to which an a lkyne 
or an a lkadiene would fav o u r  to yield a mono-olefin as  opposed  to 
p a ra f f in  is e x p re s s e d  by  th e  se lec tiv ity  of the  reac tio n .  T h is  selecti­
v i ty  ( 5), which is  de f ined  as
^P C H *
S = --------------n—2^(P + P
C H_ C H_ „n 2n n 2n +2
w here  P is the  re s p e c t iv e  hyd ro ca rb o n  p r e s s u r e ,  is d e p e n d e n t  upon two 
fa c to rs .  F i r s t ,  a therm odynam ic fac to r  which is b a se d  on th e  fact th a t  
the  same su rface  s i te s  a re  re spons ib le  fo r  bo th  alkene an d  a lkyne 
a d s o rp t io n ,  r e sp e c t iv e ly ,  i . e . ,  it takes  into co ns idera tion  the  d iffe rence  
in s t r e n g th s  of ad so rp t io n  between the  a lkyne  and  th e  a lkene  h y d ro ­
c a rb o n s .  Second, a mechanistic  facto r  which takes  in to  accoun t the 
para l le l  reac tio n s  of a lkene and  a lkyne h y d ro c a rb o n s  to form the 
re sp e c t iv e  a lkane ,  i . e . ,  it d epends  on th e  specific p ro p e r t i e s  of the 
c a ta ly s t  (metal m orphology, su p p o r t)  (3 1 ,4 5 ) .
1 .8 .1  The H ydrogena tion  of A cetylene
The reac tion  was f i r s t  s tu d ie d  by  S heridan  e t a l. (122, 123) 
on p u m ic e -su p p o r te d  m e ta ls ) ,  by Bond an d  colleagues (124, 125) using 
va r io u s  s u p p o r te d  VIII m etals , and  by  Webb an d  co -w o rk e rs  ( 55-59) 
u s ing  alumina- and  s i l ic a - su p p o r te d  P d ,  R h , I r  and  Ni c a ta ly s ts .  The
genera l f e a tu re s  which have  em erged from th e se  s tu d ie s  can be summar­
ised  as follows: T he  shape  of the  p r e s s u r e  a g a in s t  time c u rv es  was
d e p e n d e n t  upon the  in itia l h y d r o g e n : ace ty lene ra tio  an d  upon the 
c a ta ly s t  u s e d .  C a ta ly s ts  with h igh  se lec tiv i ty  d isp lay  p r e s s u r e  time 
c u rv e s  of two p ropo r t io n a lly  equal re g io n s ,  w hereas  those  ca ta ly s ts  which 
e x h ib it  a low se lec tiv i ty  show second reg ions  which e i th e r  appea r  v e ry  
la te  in the  reac tio n  o r  no t a t  all. M oreover, in add ition  to e thy lene  and  
e th a n e ,  h y d ro c a rb o n s  conta in ing  more than  two carbon  atoms were 
f re q u e n t ly  o b s e rv e d .
From the  ea r ly  s tu d ie s  of th e  k ine tics  of ace ty len e  h y d ro g en a t io n ,  
Bond an d  Wells (31) h av e  p ro p o sed  the  following h y d ro g en a t io n  mechanism:
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T he h y d ro g e n  atom invo lved  in s tep  ( 6 ) may a r i s e  from e i th e r  s tep  (1)
or s tep  (5 ) .  If  s tep  (5) dom inates, e thy lene  is be ing  formed via the
d isp ro p o r t io n a tio n  of two a d so rb e d  v inyl spec ies  ( s te p  8 ) .  This  
mechanism was o b se rv e d  to ope ra te  on R u , O s, I r ,  R h ,  Pd and  Ni, which 
ex h ib ited  an o rd e r  of u n ity  in h y d ro g en  and  zero  or n e g a t iv e  o rd e r  with 
re s p e c t  to ace ty le n e .  In  cases  w here the  p oss ib il i ty  of a h y d ro g en  
molecule is be ing  a d s o rb e d ,  as  r e p o r te d  for P t/A l^O ^ c a ta ly s t  (124), it 
was assum ed  th a t  in s u ch  a s itua tion ,  s tep  ( 8 ) was accompanied by  
s te p  ( 1 0 ) an d  a h ig h e r  o rd e r  with re s p e c t  to h y d ro g e n  is then  ex p ec ted .
From the  re c e n t  s tu d ie s  of Kemball e t  al. (126) an d  Al-Ammar 
and  Webb (59), u s ing  alum ina- and  s i l i c a - s u p p o r te d  P d ,  Rh and  I r  
c a ta ly s ts ,  the  mechanism in s te p s  (12) an d  (13) h a s  been  p ro p o sed  for
HC=CH, + H HC _ CH + *
I I  2 I l \  3* * * * *
H C-CH , + 2H 13)y  H0C - C H ,(g )  + *
, \  3 , 3 3 s
* * *
the  d ire c t  e th an e  form ation. The la t te r  w o rk e rs  show ed th a t  th re e  
d i f fe re n t  ty p e s  of s ites  were involved in th e  h y d ro g e n a t io n  of ace ty lene 
on th e se  c a ta ly s ts .  T y p e  I s i tes  were ac tive  fo r  th e  h y d ro g en a t io n  of 
ace ty lene  to e th y le n e ,  ty p e  II sites  were ac t ive  for th e  d ire c t  convers ion  
of ace ty lene  to e th an e  via an a, a -d ia d so rb e d  sp e c ie s ,  b u t  inac tive  for 
e th y len e  h y d ro g e n a t io n ,  and  ty p e  III s i te s  w ere  ac tive  for e thy lene  
h y d ro g e n a t io n ,  b u t  no t ac tive  for ace ty lene h y d ro g e n a t io n  (F igu re  5).
Most of the  in v e s t ig a t io n s  on ace ty lene  h y d ro g en a t io n  have 
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of small am ounts  of h y d ro c a rb o n s  contain ing  more th an  two carbon  atoms, 
T he  mechanism fo r  su ch  side reac tio n s  has  been  p ro p o sed  (124) to 
involve the  in te ra c t io n  of an ad so rb e d  v inyl rad ica l with an a d so rb ed  
ace ty lene  or a norm al v inyl species
HC=CH0 + HCECH ---- ► H-,C=CH-CH=CHI 2 i 2
* * 
J +nH
h y d r o c a r b o n s
t+nH
HC=CH0 + HC=CH0  h  H^C=CH-CH=CH,,| 2 || 2 2 | | 2
He jjc % He He
1 .8 .2  The H ydro g en a tio n  of B u ta - 1, 3-diene
The gas  p h ase  h y d rogena t ion  of b u t a - 1, 3-d iene with hy d ro g en  
was f i r s t  s tu d ie d  ex ten s iv e ly  by  Wells and  co -w o rk e rs  (62,127,128) over  
Group VIII m etals a n d ,  more rec e n t ly ,  O udar an d  co lleagues (71-73) have  
in v e s t ig a te d  th e  reac tion  on P t- (  111) and  -(110) s ingle  c ry s ta l s .  The 
k in e tic s  of th e  reac tio n  o ver  the metals r e p o r te d  by  Wells et al. (62,127, 
128) showed th a t  th e  reac tion  was pos itive  in a n d  n eg a t iv e  or zero  in 
C^H^. O ver all th e  metals s tu d ie d  (ex c e p t  I r  an d  O s ) ,  the  se lec tiv ities  
an d  olefin d is t r ib u t io n s  were almost c o n s ta n t  un ti l  most of the  b u t a - 1,3- 
d iene had  been  rem oved , which was ind ica tive  ev idence  th a t  the  therm o­
dynamic fac to r  was h ig h ,  th a t  is ,  the  p re se n c e  of b u ta d ien e  effectively  
p re v e n te d  th e  re a d s o rp t io n  of b u te n e s  from the  gas p h ase  and  also aided  
the  deso rp tion  of th e se  b u te n e s .  Such  an o b se rv a tio n  makes the 
assum ption  th a t  th e  same s ite s  w ere invo lved  in th e  d iene and the  olefin 
a d s o rp t io n .
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T he  ear ly  s tu d ie s  of Wells e t a l. (62 ,127,128) were and  a re  
still u s e d  as  a b as is  for th e  in te rp re ta t io n  of b u t a - 1 , 3 -diene h y d ro g e n ­
ation r e s u l t s  su b se q u e n t ly  r e p o r te d  (71-73). T he  p ro p o sed  mechanisms 
a re  shown in F ig u re  6 . In mechanism A, g aseo u s  b u t a - 1 ,3-diene was 
c o n s id e re d  to chem isorb as a m ono-7T-bonded (sp ec ie s  II)  and  as a d i— t t — 
b o n d ed  spec ies  which could ex is t  in two conform ational forms (I and III)  
A ddition of a h y d ro g e n  atom to th e se  chem isorbed  species  would give 
the h a l f -h y d ro g e n a te d  species (IV , V, VI a n d  V II ) .  F u r th e r  addition 
a h y d ro g e n  atom to th e se  species leads to th e  formation of b u t - l - e n e .  
T h is  p ro c e s s  was te rm ed  1: 2-addition of h y d ro g e n  and  was a ss ig n ed  to 
those  metals ( I r ,  P t ,  R u , O s, Cu and  Ni) which ex h ib ited  a h igh  
b u t - l - e n e  y ie ld  (50-90%) with a t r a n s - :c i s - b u t - 2 - e n e  ra t io  of ~ 1.
Mechanism B, was p roposed  for th e  metals which d isp layed  
a h ig h  t r a n s : cis ra tio  > 1 (~ 10). In th is  mechanism conformational 
in te rc o n v e rs io n  of the  a d so rb ed  species does n o t  occu r  and  the t r a n s :  
cis ra t io  is a d irec t  re f lec tion  of the  re la t iv e  su r fa c e  concen tra t ions  of 
the  a n t i -  ( sp ec ie s  I) and  sy n -  (spec ies  III) d i-a d s o rb e d  b u t a - 1 , 3-diene 
and  th e se  a re  d e p en d e n t  upon the  n a tu re  of th e  s i te s  available at th e  
s u r fa c e  a n d  th e  re la t ive  s tab ili t ies  of th e  two con fo rm ers .  This  
mechanism was found  to opera te  on Co an d  P d  m etals . However, th e  
isomeric t r a n s  an d  c i s - b u t - 2-ene  could be p ro d u c e d  in d irec tly  by  the  
isom erization of b u t - l - e n e  a f te r  its  formation on th e  su rface  by the  1 : 2-  
add ition  p ro c e s s  an d  th is  was found to occu r  on the  metals in the 
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F ig u re  6 . R eaction schemes for the h y d ro g en a t io n  of b u t a - 1,3- 
diene p roposed  by  Wells e t  a l . (62 ,127 ,128 ) .
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1. 9 S u lp h u r  Poisoning of Platinum C a ta ly s ts
T he  phenom enon of c a ta ly s t  po isoning  is one of the  most 
s e r io u s  p rob lem s assoc ia ted  with th e  in d u s t r ia l  application  of s u p p o r te d  
metal c a ta ly s ts  in num erous ca ta ly tic  r e a c t io n s ,  especially  those 
invo lv ing  h y d ro g e n ,  such  a s ,  m ethanation  of coal (CO + 1 ^ )  and  its  
co n v ers io n  to fuels  and  chem icals, re fo rm ing  of n a p h th a s  or h y d ro ­
ca rb o n  h y d ro g e n a t io n  reac tio n s .  T he  ex trem ely  h a r s h  poisoning 
e n c o u n te re d  in th e s e  cata ly tic  sy s tem s  is th a t  induced  by s u lp h u r ,  
mainly b e c a u se  of th e  fact th a t  th e  fe e d s to c k s  of th e se  reac tions  
usua lly  con ta in  s ign if ican t am ounts of su lp h u r-c o n ta in in g  com pounds, 
su ch  a s ,  ^ S ,  COS, SO^, or o rgan ic  s u lp h id e s .  S u lp h u r
a p p a re n t ly  b o n d s  so s tro n g ly  to metal s u r fa c e s  th a t  a m arked red u c t io n  
in th e  c a ta ly s t  ac t iv i ty  may occur even  a t  ex trem ely  low co ncen tra tions  
( p . p . b .  q u a n t i t i e s ) .  Hence, for exam ple , th e  life of a commercial 
c a ta ly s t  may be r e d u c e d  to only a few m onths or w eeks, in s te ad  of 
y e a r s ,  an d  i t s  re g e n e ra t io n  p ro cess  is im possible or im practical. On 
th e  o th e r  h a n d ,  the  chem isorption of s u lp h u r  on metal c a ta ly s ts  may 
cause  benefic ia l effec ts  on th e  se lec tiv i ty  by  a p a r t ia l  and  well 
con tro l led  p o ison ing .
T h e  possib le  mechanisms by  w hich s u lp h u r  poisoning may 
b r in g  a b o u t a positive  or a n eg a t iv e  e f fe c t ,  w ith r e s p e c t  to the 
se lec tiv i ty  of metallic c a ta ly s ts ,  a re  n u m e ro u s ,  an d  can be summarised 
as follows. The ca ta ly tic  su rface  is composed of d if fe ren t  ac tive  s i te s  
w ith d i f f e re n t  coord ination  nu m b ers  of a tom s, which a re  capable of 
c a ta ly s in g  d if fe re n t  reac tions  in d i f f e re n t  w ays .  S u lp h u r  may ad so rb  
p re fe re n t ia l ly  on ce r ta in  s i te s ,  t h u s  inh ib it ing  reac tio n s  occuring  on them.
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T his  ty p e  of se lec tive  blocking of s ites  by  s u lp h u r  can change  the 
d is t r ib u t io n  of p ro d u c ts  and  hence th e  se lec tiv i ty .  S u lp h u r  could 
poison th e  c a ta ly s t  to red u ce  the  ac tiv ity  su f f ic ie n t ly ,  so the  y ie lds 
of d e s irab le  p ro d u c ts  may be un fav o u rab ly  a f fec ted  by  t r a n s p o r t  
p ro c e s s e s ,  su ch  as d iffus ion . S u lp h u r  may in te r a c t  with th e  metal 
so s t ro n g ly  th a t  the  s tab ili ty  of the  m etal-m etal bo n d s  could be 
ch an g e d  a n d ,  in con seq u en ce ,  an in c re a se  in the  mobility of su rface  
atoms may o c c u r .
T he  topic of s u lp h u r  poisoning of metallic c a ta ly s ts  was 
rev iew ed  com prehensively  by Maxted in 1951 (129), by O udar in 1980 
(130), by Bartholomew and  colleagues in 1982 (131) an d  by B a rb ie r  
in 1985 ( 132). The following is a summary of th e  l i te r a tu r e  in which 
the  main fe a tu re s  of su lp h u r  adsorp tion  a re  c o n s id e re d ,  to g e th e r  with 
its  e f fec ts  on th e  adso rp tion  of o th e r  molecules, su ch  a s ,  H^, CO and  
h y d ro c a rb o n s ,  an d  its  impact on th e  ac t iv ity  a n d  se lec tiv i ty  of the 
ca ta ly tic  reac t io n s  on platinum single c ry s ta l s  an d  s u p p o r te d  c a ta ly s ts .
I t  is genera lly  cons idered  from LEED s tu d ie s  (130,133-137) 
th a t ,  d u r in g  th e  initial s tag es  of s u lp h u r  a d so rp tio n  on clean P t(110 ) ,  
( 1 0 0 ) an d  ( 1 1 1 ) single  c ry s ta l  su rfaces  a t room te m p e ra tu re ,  su lp h u r  
atoms re s id e  in the  h igh coordination s i te s  ( s t r u c t u r e s  a ,  b an d  c) 
forming an o rd e re d  p (2 x 2 o v er la y e r  ( s t r u c t u r e  ( d ) ) .  T h is  has  




s u r f a c e / s t r u c t u r e  
(a)
( 1 0 0 )
(b)
( 1 1 1 )
(c)
Side view
At h ig h e r  co v erag es  (u p  to 0 = 1 /2 ) ,  s u lp h u r  is a d so rb ed  with an 
o r d e re d  c (2 x 2) o v e r la y e r  with a s u lp h u r  atom bonded  to two P t 
atom s ( s t r u c t u r e  ( e ) ) .
v  ■
s t r u c t u r e  d p ( 2  x  2 ) s t r u c tu r e  e c ( 2  x 2 )
For co v erag es  above 0 = 1/2, a compact a rran g em en t of s u lp h u r  atoms 
with a coincidence la ttice  in re la tion  to th e  platinum su r face  atoms has  
b een  o b s e rv e d  forming a p  ( 2 x  2, / 3 x  /3  or p ( 5 x  5 s t r u c tu r e  
( s t r u c t u r e s  f ,g  and  h ,  r e s p e c t iv e ly ) .
P( 2x2) 
( S t r u c tu re  f)
(/3:x/3) 
( S t r u c tu re  g)
P (5x5) 
(S t ru c tu re  h)
A n u m b er  of in v e s t ig a to rs  ( 138-140) have  examined the n a tu re  
of s u lp h u r  com pounds a d so rb ed  on metal films, foils and  su p p o r te d  
c a ta ly s ts ,  employing a v a r ie ty  of te c h n iq u e s .  T he r e s u l t s  su g g e s te d  
th a t  H2 S chem isorbs  d issocia tively  on v a r io u s  metals inc luding  pla tinum . 
H owever, th e re  is d isag reem en t r e g a rd in g  th e  num ber  of su rface  metal 
atoms involved  p e r  su lp h u r  atom. For exam ple, Saleh et al. (138,139) 
s u g g e s te d  a t h r e e - s i t e  model for H^S chem isorp tion  in th e  te m p e ra tu re  
ra n g e  -80° to 100°C ( s t r u c tu r e  ( i ) ) ,
H S H
I I IH 2S (g) + -M - M -  M- —► -M - M - M-
(i)
H ow ever, Den B es ten  and  Selwood (140), from th e ir  magnetic m easu re ­
ments a t 0° -  120°C, su g g e s te d  th a t  H2S formed four bonds  upon 
ad so rp tio n  on the  metal su rface  of Ni ( s t r u c t u r e  ( j ) ) ,
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H S H
/  \  I
H2S (g) + -M -  M - M - M- —► -M - M -  M - M-
(i)
Similar o b se rv a t io n s  were made by  C o n tra c to r  and  Lai (141) for H^S and  
SC>2 a d so rp t io n  on a poly c ry s ta l l in e  P t  su r fa c e  a t  80°C. T hey  s u g g e s te d  
th a t  s u lp h u r  atoms are  e i th e r  a d s o rb e d  with one S atom s t ro n g ly  b onded  
to two P t  atoms, or with one S atom weakly b o n d ed  to only one P t atom 
(a s  p re d ic te d  in s t r u c t u r e s  (i) and  ( j ) ,  r e s p e c t iv e ly ) .
Kinetic s tu d ie s  of the r a te  of s u lp h u r  adsorp tion  (134,135,142) 
re v e a le d  th a t  the  r a te s  of f ^ S  adso rp tion  on platinum were genera lly  
v e ry  r a p id .  Two ad so rp tio n  regim es were o b se rved .  At 0 < 0 .2 5 -0 .3 ,  
s u lp h u r  ad so rp tio n  o c c u r re d  with a h igh  s tick ing  coefficient ( — 1 . 0 ) and  
a t  0 > 0 .3 ,  su lp h u r  a d so rb e d  slowly due to a decrease  in the  s tick ing  
coeffic ien t ( —0 .0 3 ).  However, a t low te m p e ra tu re ,  -80°C , le ss  than  
m onolayer s u lp h u r  coverage  was o b s e rv e d  and  th e  p ro cess  was pa r t ia l ly  
r e v e r s ib le  (139). In c o n t ra s t ,  th e  ad so rp tio n  of C S 2 and  S 0 2 on P t 
was weak an d  completely re v e rs ib le  in th e  te m p e ra tu re  ra n g e  -80° to 
250°C (139).
T he  effec t of su lp h u r  on h y d ro g en  adso rp tion  on platinum  
(110) single  c ry s ta l  has  been  s tu d ie d  by  O udar  and  colleagues ( 1 4 3 ),  
u s ing  a [35-S] ra d io t r a c e r  te c h n iq u e .  T hey  found th a t  s u lp h u r  has  
only a minor e ffec t on the  r e a c t iv i ty  of the  s ite s  which were ac tive  for 
h y d ro g e n  a d so rp t io n .  In an o th e r  s tu d y ,  O udar  et al. (143) s tu d ie d  
th e  reac tion  H2 + on P t - ( l lO )  and  - (1 0 0 ) .  T he ir  r e s u l t s
d e m o n s tra ted  th a t  on Pt(110) s u lp h u r  was d isp laced  by  b u ta d ie n e  from
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the  most en e rg e tic  s i te s  to the  s ites  which w ere re spons ib le  for h y d ro g en  
d issocia tion  ( b r id g e d  s ites  in the  f i r s t  la y e r  of P t atoms) . D ifferen t 
b e h a v io u r  was o b se rv e d  with Pt(100) on which s u lp h u r  s e t t led  in 4-fold 
sym m etry  s i te s ,  induc ing  s ign if ican t e lec tron ic  e f fec ts .  I t  was su g g e s te d  
th a t  th e se  s i te s ,  which were w ell-su ited  for s u lp h u r  ad so rp t io n ,  did not 
have  th e  geom etrical a n d /o r  electronic req u ire m en ts  for a s tro n g  a d s o r p t ­
ion of the  b u ta d ie n e  molecule. A similar s tu d y  of th e  co -adsorp tion  of 
s u lp h u r  an d  h y d ro g e n  on the  P t ( l l l )  face has  been  re p o r te d  by 
P ro topopoff  a n d  M arcus (144). The main fe a tu re  em erging from th e ir  
r e s u l t s  was th a t  th e  su r fa c e  was to tally  po isoned  for the adso rp tion  of 
h y d ro g e n  when it was s a tu r a te d  by  s u lp h u r ,  w ith the  num ber of h y d ro g e n  
ad so rp t io n  s ites  b locked  by  one s u lp h u r  atom ca lcu la ted  as 8 ± 1 .
C arbon  monoxide, CO, ad so rp tio n  on Pt(110) p re c o v e re d  with 
v a r ie d  am ounts  of s u lp h u r  j f ^ S / h a s  b een  in v e s t ig a te d  by Bonzel and  
Ku (142) u s ing  LEED and  flash  d eso rp tion  te c h n iq u e s .  T he ir  r e s u l t s  
showed th a t  the  h ig h e r  the  coverage in s u lp h u r ,  the  lower were the 
te m p e ra tu re s  at which th e  deso rp tion  of CO o c c u r re d .  The a u th o rs  
s u g g e s te d  th a t ,  due to th e  h e te ro g en e i ty  of the  s u r fa c e ,  su lp h u r  would 
be  a d s o rb e d  p re fe re n t ia l ly  on the  h igh ly  en e rg e tic  s ites  which were 
capab le  of forming the  s t ro n g e s t  CO-metal b o n d , and  th is  was likely to 
cause  th e  d eso rp tion  peak  to d isap p ea r  from th e  h igh  tem p era tu re  reg io n .  
Using th e  reac tion  CO + 1/2 ^ ^ C O ^  as a model in th is  s tu d y ,  th e se  
w o rk e rs  o b s e rv e d  th a t  the  formation of CO^ was v ir tu a lly  s to p p ed  
as soon as th e  s u lp h u r  coverage  re a c h e d  a th i r d  of a monolayer, 
while the  ad so rp tio n  of CO con tinued  to tak e  place up to a coverage  
of 0.75 of a monolayer. The poison ing  of the  reac tion  was
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p resu m ed  as likely to be due to th e  p rev en t io n  of th e  dissociation of 
th e  molecule on th e  metal s u r fa c e .  T he  conclusion re a c h e d  was 
th a t  th e  d issocia tion site  for co n s is te d  of two su rface  metal atoms in 
c lo ses t  n e ig h b o u r  position , with a r e q u is i te  th a t  on e i th e r  side of th is  
p a i r  of metal atoms a pa ir  of v a c a n t  s i te s  were available to rece iv e  the  
d issoc ia ted  oxygen  atoms. In o th e r  w o rd s ,  a c lu s te r  of six a d s o rb e n t  
vacanc ies  was n e c e s sa ry  for th e  o xygen  d issocia tion . N either of th e se  
s ite s  shou ld  be in con tac t with a s ite  occupied  with s u lp h u r .  T h is  
s tu d y  has  dem onstra ted  a good example of the  c ruc ia l  e lectronic  e ffec t 
th a t  could be superim posed  by  s u lp h u r  on blocking the  cataly tically  
ac tive  s ites  an d  consequen tly  p a ra ly s in g  th e ir  ac t iv i t ie s .  On Pt(100) 
a system atic  s tu d y  of the  ad so rp tio n  of CO, NO, and  an<^
the  oxidation reac tion  CO + NO CO^ + 1/2 N^ as  a function of s u lp h u r  
u p ta k e  has been c a r r ie d  ou t by  F is h e r  an d  Kelemen (133). From th is  
s tu d y  th r e e  mechanisms d e p en d e n t  on s u lp h u r  coverage  were p ro p o s e d .  
At low S coverage  (0 < 0 .15),  th e  s t ro n g  P t-S  bond  formed w eakened 
the  in te rac t ion  of o th e r  molecules with P t su rface  an d  v ir tua lly  all the  
CO an d  NO th a t  could ad so rb  r e a c te d  to form CO£ and N^. At 
0 —0.25, a p (2 x  2) su lp h u r  la y e r  ( s t r u c t u r e  (d ) )  was formed th u s  
r e s t r i c t in g  th e  adsorp tion  of o th e r  a d s o rb a te s  within th e  cages  of 
a d s o rb e d  s u lp h u r ,  leading to a to ta l s u p p re s s io n  of CO form ation.
When the  P t  su rface  was covered  with a s a tu ra t io n  la y e r ,  th e  c a ta ly s t  
became chemically in e r t .
A rgano  e t al. (145) c o n d u c ted  an I .R .  inves tiga tion  to 
de term ine  the  e ffec t of po ison ing  on C O -adso rp tion  on a P t/A l^O ^
c a ta ly s t .  H^S adso rp tion  on a C O -co v ered  s u r fa c e  caused  a d ra s t ic
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d e c re a se  in th e  in ten s i ty  of the 2080 cm  ^ b a n d ,  which was de tec ted  
d u r in g  th e  chem isorption of CO on a clean c a ta ly s t ,  with a new weak 
b a n d  a p p e a r in g  a t  2170 cm When CO was a d so rb ed  on a S -co v e red
c a ta ly s t ,  b a n d s  a t  2170 cm \  2080 cm  ^ an d  2060 cm  ^ were formed.
T he  2170 cm  ^ b an d  d isap p ea red  with evacua tion  and  was a t t r ib u te d  to 
weakly a d s o rb e d  CO on su lp h u r-p o iso n e d  s i te s .
From th e ir  I .R ,  spec troscop ic  ch a ra c te r isa t io n  of ad so rb ed  CO, 
B eso u k h an o v a  e t al. (146) re p o r te d  th a t ,  P t  s u p p o r te d  on KL zeolite 
was le ss  s u sc ep t ib le  to su lp h u r  than  P t  s u p p o r te d  on NaY zeolite.
T he  a u th o r s  in t e r p r e te d  the  effect as be ing  due to the  excess  of 
e le c tro n s  d isp lay ed  on th e  P t /K L -s u r fa c e  by  th e  basic  s ites  which 
P t/N aY  did  no t p o sse ss .  Yao and co lleagues (147) s tud ied  the e ffec ts  
of SO 2  on th e  oxidation of CO, and  of s a tu r a t e d  and  u n s a tu ra te d  
h y d ro c a rb o n s  o v e r  Pt/Al^O^ c a ta ly s ts ,  u s ing  p ro p an e  and  p ropy lene  
as  r e p re s e n ta t iv e s  of s a tu ra te d  and  u n s a tu r a t e d  h y d ro c a rb o n s ,  
r e s p e c t iv e ly .  T h e ir  r e s u l t s ,  u s ing  a flow re a c to r  system and  I .R .  
sp e c tro p h o to m e te r ,  showed th a t  the  p re s e n c e  of SO^ in the  feed  gas 
en h a n c e d  p ro p a n e  oxidation, b u t  rem ark ab ly  s u p p re s s e d  bo th  p ro p y len e  
a n d  CO ox ida tion . I t  was s u g g e s te d  th a t  th e  su rface  su lpha te  on 
y-Al^O^ e n h an c ed  C^Hg deso rp tion  on P t  a n d s u p p re s s e d  bo th  CO an d  
C^H^ a d so rp t io n s  on P t  su r fa c e s .
Examples of the  influence of metal d isp e rs io n  and  th e  n a tu re  
of s u p p o r t  on the  toxicity  of su lp h u r  poisoning  have  been  r e p o r te d  for 
h y d ro g e n a t io n  and  hyd rogeno lys is  re a c t io n s .  Gallezot e t al. (148) 
have  shown th a t  th e  toxicities of s u lp h u r  on P t ,  m easured  using  th e  
h y d ro g e n a t io n  of benzene  p as se d  from 6 .2  to 10 when th e  size of Pt
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p a r t ic le s  grew from 10A to 20A. T he  g re a te r  re s is tan c e  to s u lp h u r  
ad so rp t io n  by  the  smaller p a r t ic le s  h a s  been expla ined  by th e se  a u th o rs  
as be ing  due to th e ir  e lectronic  p r o p e r t i e s ,  th a t  is ,  when th e  size of 
the  c ry s ta l l i te s  d e c re a se s ,  e lec tron  defic ien t c h a ra c te r i s t ic s  a p p e a r ,  
which could  explain the  r e d u c e d  ab ility  of th e se  p a r t ic le s  to a d so rb  an 
e lec tron  accep to r  such  as s u lp h u r .  Gallezot et al. (148) have  also 
show n, on z e o l i te -su p p o r ted  P t c a t a ly s t s ,  th a t  the  toxicities  of s u lp h u r  
com pounds were no t only a function  of metal d isp e rs io n ,  b u t  could also 
v a ry  with the  n a tu re  of the  s u p p o r t .  Using X -ray  pho toe lec tron  
s p e c tro sc o p y  (X PS), th e  same a u th o r s  found  th a t  as the  electronic  
d e n s i ty  of th e  metal in c re a se d ,  the  p ossib ili ty  of the  ad so rp tio n  of S 
also in c re a s e d  in the  sequence  P t/Y  > P t/S iO ^  ) P t/C eY  > Pt/MoY. 
B a rb ie r  an d  co -w o rk e rs  (132) u s ing  samples of P t /A ^ O ^  of variab le  
d is p e r s io n s ,  th ro u g h  v a ry in g  metal lo ad in g ,  examined benzene  h y d ro g e n ­
ation as a function  of poisoning with th io p h en e .  T hey  showed th a t  
the tox ic ity  of th iophene  in c re a se d  with Pt d isp e rs io n .  I t  is im portan t 
to em phasize th a t  in num erous  c a s e s ,  su lp h u r  could ad so rb  not only on 
the  metal, b u t  also on the  s u p p o r t .  For example, O liphant et al. (136) 
r e p o r te d  th a t  only 4% of H^S a d s o rb e d  on A ^O ^ at 452°C com pared  to 
th a t  a d s o rb e d  on N i/A ^ O ^ . F i tz h a r r i s  e t  aL (137) o b se rv e d  neg lig ib le  
am ounts  of H^S to ad so rb  on A ^O ^  a n d  SiO^ a t 380°-390°C in the  H^S 
co n cen tra t io n  ra n g e  13-100 p p b .  H ow ever, E rekson et al. (149) found 
th a t ,  a t lower te m p e ra tu re s  (~ 227°C ), th e  amount of H^S a d s o rb e d  on 
Al^O^ was quite  s ign if ican t com pared  to th a t  on the  metal (Ni) .
The action of su lp h u r  on ex ch a n g e  reac tions  of ben zen e  with 
d eu te r ium  and  on the  h y d ro g en o ly s is  of cyclopen tane  on P t /A ^ O ^  has
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been  s tu d ie d  by  Maurel et al. (150). T hey  fo u n d  th a t  SO2 an d  H^S 
w ere n o n -se lec t iv e  poisons in the  h y d ro g e n a t io n  of benzene  an d  b e n z e n e -  
ex ch a n g e  on P t ,  th a t  i s ,  they  did  n o t  a f fec t  the  ra tio  of e x c h a n g e /  
h y d ro g e n a t io n  r a t e s .  However, elemental su lp h u r  was a se lective 
poison cau s in g  th e  ra t io s  of th e  r a te s  for e x c h a n g e /h y d ro g e n a t io n  to 
in c re a se  by  a fac to r  of two. T hey  concluded  th a t  an d  SO^ were
a d s o rb e d  in d if fe ren t ly  on all ca ta ly tic  s i te s ,  w hereas  elemental su lp h u r  
a d s o rb e d  on s i te s  re spons ib le  for h y d ro g e n o ly s i s . This  is in acc o rd ­
ance  with the  p roposa l of Somorjai (151) th a t  facile re a c t io n s ,  su ch  as  
h y d ro g e n a t io n  or d eh y d ro g en a t io n ,  shou ld  be  le ss  a ffec ted  by  s u lp h u r  
po ison ing  th an  dem anding re a c t io n s ,  su ch  as  h y d ro g e n o ly s is ,  b ecau se  
s u lp h u r  cou ld , by  r e s t r u c tu r in g  the  su r fa c e ,  th e re b y  a f fec t the 
deac tiva tion  of more than  one s ite  for th e  s t r u c tu r e - s e n s i t iv e  re a c t io n s .  
The phenom enon of " facetting" by  th e  action of has  rece n tly  been
re p o r te d  for the  f i r s t  time for P t/A l^O ^ by  H a rr is  (152).
B a rb o u th  and  Salame (153) h av e  r e p o r te d  the  effect of 
a d s o rb e d  s u lp h u r  on the  ca ta ly tic  ac t iv i ty  of poly c ry s ta l l in e  P t  for 
e th y le n e  h y d ro g e n a t io n .  T he ir  r e s u l t s  s u g g e s te d  th a t  su lp h u r  could  
play a double role d u r in g  h y d ro g en a t io n  r e a c t io n s .  I t  can ac t as  a 
p ro m o te r  a t  low co v erag es  and  as an in h ib i to r  a t  h ig h e r  co v era g es  of 
s u l p h u r .
In a k inetic  s tu d y  by  A p es teg u ia  an d  B a rb ie r  (154) fo r  
the  h y d ro g e n o ly s is  of cyclopen tane  on s u lp h id e d  a n d  u n su lp h id ed  
P t /A ^ O ^  c a ta ly s ts ,  su lp h u r  was found  to inh ib it  th e  adso rp tion  of 
cy c lo p en tan e  in p re fe re n c e  to th a t  of h y d ro g e n .  For the  su lp h id ed  
c a ta ly s t ,  th e  reac tion  o rd e r  in re la tion  to cyc lopen tane  was positive  a n d
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close to 0 .6 . C o n v e rse ly ,  on clean P t/A l^O ^, th e  o rd e r  was much 
w eaker and  close to 0 .1 . On th e  o th e r  h a n d ,  the  reac tion  r a te  with 
r e s p e c t  to h y d ro g e n  d isp layed  a convex c u rv e  as  the p r e s s u r e  of 
h y d ro g e n  was v a r ie d .  T he  su lph ided  c a ta ly s t  displaced a maximum in 
the  c u rv e  tow ards  th e  low h y d ro g e n  p r e s s u r e  end  as com pared  to the  
u n s u lp h id e d  c a ta ly s t .  T hese  a u th o rs  also showed th a t  th e  a d so rp tio n  
of su lp h u r  on P t cau sed  an in c rease  in the  activation e n e rg y ,  E , which
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ro se  from 25 k cal mol  ^ on th e  su lp h u r  f ree  ca ta ly s t  to 34 k cal mol  ^
on the  S -po isoned  c a ta ly s t .  The in c rease  in activation  e n e rg y  te n d s  to 
show th a t  s u lp h u r  is likely  to inh ib it the  most active s i te s  on the  s u r fa c e .  
If th is  is the  case ,  th e  tox ic ity  of any  poison should dep en d  on the  
h e te ro g e n e i ty  of the  su r fa c e ,  which has  also been s u g g e s te d  by  Bonzel 
an d  Ku (142) .
The role of su lp h u r  poisoning on an o th e r  class of re a c t io n s ,  
nam ely , h y d ro ca rb o n  re fo rm ing ,  has  rece iv ed  the  a t ten tion  of many 
w o rk e rs  because  of its  major im portance to th e  petrochem ical in d u s t r i e s .  
On Pt/A l^O ^ and  P t -R e /A ^ O ^  c a ta ly s ts ,  Menon and  P ra s a d  (155) found  
th a t  a t  500°C the  p r e - a d s o r b e d  su lp h u r  s u p p re s s e d  all th e  metal 
re form ing  reac tio n s  inc lud ing  hexane  a n d  cyclohexane d e h y d ro g e n a t io n ,  
dehydro isom erisa tion  of methyl cy c lo p en tan e ,  dehyd rocyc lisa t ion  of 
b e n ze n e  an d  h y d r o c a r c k in g . On P t-R e/A l^O ^, the  e x te n t  of h y d ro ­
c ra c k in g  was re d u c e d  to a much g re a te r  e x te n t  than  the  o th e r  reac tio n s  
s tu d ie d .  S u lp h u r  was a s c r ib e d  to being  resp o n s ib le  for le ss  coke 
formation on th is  ca ta ly s t  than  on P t /A ^ O ^ .  The h y d ro g e n a t io n ,  
deh y d ro g en a tio n  and  isom erisation of cyclohexane has also been  in v e s t i ­
ga ted  by S te rb a  and  H aensel (156). T h e ir  r e s u l t s  showed th a t  the
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add ition  of low levels  of su lp h u r  (50 ppm) caused  a d ra s t ic  change  in 
the  ac t iv i ty  and  se lec t iv i ty .  I t  d ec re a se d  the  conversion  of cyclohexane 
to b en ze n e  from 97 to 0% an d  co n v ers io n s  to m ethy lcyclopen tane and  
m ethy lcyc lopropane  from 0.9  an d  0% to 44 and  35%, re sp e c t iv e ly .
Wilde e t  al. (157) r e p o r te d  more re c e n t ly  the  effects  of s u lp h u r  on 
P t /A ^ O ^ ,  P t -R e /A ^ O ^ ,  P t -R e -C r /A ^ O ^  and  P t - I r /A ^ O ^  reform ing 
c a ta ly s ts  for the  co n v ers io n s  of n - h e x a n e ,  n -h e p ta n e  an d  m ethylcyclo­
p e n ta n e .  T he ir  f in d in g s  showed th a t ,  in each case ,  p re su lp h id a t io n  
a f fe c te d  the  formation of m ethane, low ered  the  dealkylation ac t iv ity  of 
n - h e p ta n e  a n d  en h an c ed  the  yie ld  of arom atics. This  positive  effect of 
s u lp h u r  poisoning with r e s p e c t  to se lec tiv i ty  has  been s u g g e s te d  by th is  
g ro u p  to be due to a re ta rd a t io n  of th e  self-poisoning  of th e  metal 
su r fa c e  by coke and  a more effec tive  dilution of the  metal ensem bles by  
s u lp h u r  than  by  coke. I t  is im portan t to mention th a t  th is  effect is 
commonly u sed  in in d u s t r y  in o rd e r  to "cool" the ca ta ly s t  for which an 
a p p ro p r ia te  t rea tm e n t  b y  s u lp h u r  can have a beneficial e ffec t on the  
c a ta ly s t  a c t iv i ty ,  minimising excess ive  h y d ro c rack in g  which leads to th e  
formation of coke.
It  is well known th a t  the  ad so rp t io n  and deso rp tion  of a 
poison are  r e g u la te d  by  the  en e rg ie s  of th e  metal-poison b o n d s ,  hence  
it is a p p a re n t  th a t  th e  n a tu r e  of th e  metal will determ ine its  s en s it iv i ty  
to a given poison . T h is  has  been  in v e s t ig a te d  by  Simpson (158), who 
m easu red  th e  d e su lp h u r is in g  te m p e ra tu re  of va r ious  metals in the  p re se n c e  
of 20 ppm H^S. T he  r e s u l t s  o b ta ined  showed th a t  s u lp h u r  d eso rb ed  
from th e se  metals in th e  sequence  Ni, P d ,  P t ,  I r  (371°C); Co (427°C ); 
P b ,  Ru (482°C); Mo (538°C); Cu a n d  Fe (649°C). T h is  c learly  shows
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the  ad v an tag e  of us ing  th e  noble metals as c a ta ly s ts .
The only s tu d ie s  r e p o r te d  in the  l i te r a tu r e  r e g a rd in g
re g e n e ra t io n  of su lp h u r-p o iso n e d  P t  ca ta ly s ts  were th o se  of Mathieu and
Prim et (159) an d  Bonzel an d  Ku (142). The form er w o rk e rs  in v e s t ig a te d
H2 S su lph u r iza tio n  and  re g e n e ra t io n  of P t /A ^ O ^ ,  u s ing  benzene
h y d ro g en a t io n  and  n - b u ta n e  hy d ro g en o ly s is  as th e  te s t  r e a c t io n s .  The
optimal conditions  for re s to r in g  th e  original c a ta ly s t  ac t iv i ty  was by
trea tm e n t  of th e  ca ta ly s t  at 300°C, followed by red u c t io n  a t  200°C.
The la t t e r  in v e s t ig a to rs  also in d ica ted  th a t  on P t ( l l O ) ,  s u lp h u r  could be
” 8 _ 6
rem oved as SC^ by  low p r e s s u r e s  (1 .4  x 10 -7  x 10 T o rr )  of at
160° 0 397°C.
1.10 Methods for C a ta ly s t  C h arac te r isa t io n
A v a r ie ty  of m ethods have  been developed  an d  u tilized  to 
co r re la te  ca ta ly s t  b ehav iou r  with i ts  physica l and  chemical s t r u c t u r e .
Some of th e se  methods are  w ell-e s tab lished  and have  r e a c h e d  th e  poin t 
of s ta n d a rd iz a t io n .  Such m ethods include the  de term ina tion  of total 
s u r fa c e  a rea  by the  B ru n auer-E m m et-T e l le r  (BET) m ethod, p o re  size 
d is t r ib u t io n  using  the  Kelvin method and  the  m easurem ent of specific 
metal a re a s  by selective chem isorp tion  ( e .g .  CO, f ^ )  . O th e r  methods 
a re  solely in s tru m en ta l ,  some of which have  been  available  for some time 
and  o th e rs  which have  been  more rece n t ly  developed .
Modern su rface  p h y s ic s  m ethods are  b a se d  on bom barding  th e  
c a ta ly s t  with an inc iden t beam of e lec trons  which will s c a t t e r  and  hence  
can rev ea l  information about th e  s t r u c t u r e  and chemical composition of 
the  w orking c a ta ly s t  su rface  on th e  atomic scale . T h ese  te ch n iq u es
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inc lude  low e n e rg y  e lec tron  d iffrac tion  (LEED), which can determ ine the  
atomic su rface  s t r u c t u r e  of the  top-m ost lay e rs  of the  clean c a ta ly s t  or 
of th e  ad so rb ed  in te rm ed ia tes .  O th e r s ,  such  a s ,  Auger e lec tron  
sp e c tro sc o p y  (AES), X - ra y  pho toe lec tron  sp ec tro sco p y  (X PS), u l t r a ­
violet pho toe lec tron  sp ec tro sco p y  (UPES), e lec tron  loss sp ec tro sco p y  
(E L S), can be u sed  to determ ine th e  chemical composition of the  su rface  
l a y e r .
Transm ission  e lec tron  microscopy (TEM) can rev ea l  information 
r e g a rd in g  the  s ize, sh ap e  an d  position of c ry s ta l l i te s  of the  ca ta ly s t  
a f te r  i ts  use or the  l ig h t  p ro b e  can be focused  on a small a re a  to y ie ld  
a p ic tu re  of the  mobility of th e  small p a r t ic le s  and  the  g row th  of carbon  
filam ents on metal su r fa c e s  in the  scann ing  e lectron  microscopy (SEM).
The role and  va lue  of in f r a re d  sp ec tro sco p y  (IR) in the  
su r fa c e  chem istry  of solids has  been  reco g n ised  for a long time since it 
was a d a p te d  by E ischens an d  S h ep p a rd  for s tu d y in g  s u p p o r te d  ca ta ly s ts  
( 6 6 ) .  However, the  a d v e n t  of la se r  beams and  com puters  has  advanced  
the  way by which the  IR s p e c t r a  can be r e c o rd e d .  F o u r ie r  transfo rm  
in f r a r e d  (FTIR) is capable of dealing with in tense ly  co loured  solids and  
p ro v id in g  a con tinuous p ic tu re  of the  change  in band  in ten s it ie s  
accom panying various  su r fa c e  p ro c e s s e s .
O ther te c h n iq u e s ,  such  a s ,  e lec tron  spin re so n an ce  (ESR ), 
n u c le a r  magnetic re so n an ce  (NMR), Raman sp ec tro scopy  (RS) an d  the  
m ethods b ased  on n e u t ro n  sc a t te r in g  a r e ,  how ever,  still in th e i r  in fancy  
and  th e ir  application to ca ta ly s is  is ce r ta in ly  p rom ising .
T em pera tu re  program m ed red u c t io n  (TPR) and  d eso rp tion  (TPD) 
te c h n iq u e s  are  v e ry  u se fu l  system s for obta in ing  information on the
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n a tu r e  of the  in te rac t io n  betw een a d s o rb e d  species  a n d  a ca ta ly s t  system .
Radioisotope m ethods have  long s e rv e d  as va luab le  tools for 
e luc ida ting  mechanisms of chemical convers ions  a t solid s u r fa c e s .
In d e e d ,  the  app lica tion  of rad ioac tive  t r a c e r  te ch n iq u es  in th e  s tu d y  of 
ca ta ly s is  was f i r s t  r e co g n ise d  as ea r ly  as 1922 by  P a n e th  and  Vorwerk 
(160), who u sed  [212-Pb] to determ ine th e  su rface  a rea  of th e  solid 
PbSO^ by the  ex ch a n g e  reac tion  be tw een  the  s u r face  Pb and  the 
[212-Pb] in so lu tion . Since th e n ,  th e  method h as  b een  ad ap ted  and 
u sed  by sev e ra l  in v e s t ig a to rs  to s tu d y  a v a r ie ty  of in te re s t in g  phenomena 
which are  of g re a t  im portance in su r fa c e  science o r ,  more specifically , 
in h e te ro g en eo u s  c a ta ly s is .  Many rev iew s have a p p e a re d  in the  l i te ra tu re  
d esc r ib in g  th e  use  of rad ioac tiv i ty  in s tu d y in g  ad so rp tio n  and  catalysis  
(161-163). The topic has  been rev iew ed , most r e c e n t ly ,  by  B ern d t 
(164).
The main a t t ra c t io n  of us ing  rad ioactive  t r a c e r  m ethods in the
investiga tion  of p ro c e s se s  which tak e  place on s u r fa c e s ,  lies in the
se n s it iv i ty  of d e tec tio n .  With th is  sen s i t iv i ty  it is possib le  to trace
in te rac t io n s  o c c u r r in g  betw een a small num ber of atoms or molecules on
2 15su r fa c e s  with a re a s  as low as 1 cm ( ~ 10  s i te s)  u s in g  ra d io t ra c e rs  
with specific a c t iv i ty  of ~ 1 mCi m mol A dditionally , it allows the
o b s e rv e r  to d irec t ly  monitor s u r fa c e s  an d  changes  o c c u r r in g  on them.
For th is  rea so n ,  Thomson and  Wishlade (165) developed  a d irec t  
o bserva tion  method for use  in th e  s tu d y  of ad so rp t io n s  of a v a r ie ty  of 
ac t ive  species on metal su r fa c e s .  T he  te ch n iq u e  was modified and  used  
by  Cormack, Thomson and  Webb (166) to s tu d y  su ch  p ro c e s s e s  on 
s u p p o r te d  metal c a ta ly s ts .  The m ethod has  many a d v a n ta g e s ;  it can be
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u sed  in a long p r e s s u r e  ra n g e  (0-760 T o r r ) ;  it  can be u sed  to s tu d y  
the  b ehav iou r  of one k ind  of molecule in the  p re se n c e  of a n o th e r ,  with 
no d is tu rb a n c e  to the  system  d u r in g  the  o b se rv a tio n ,  and  it  also allows 
the  possib ili ty  of adso rp tion  an d  ca ta lys is  to be s tu d ie d  in d e p e n d e n tly .  
H ow ever, the  techn ique  has  ce r ta in  d isad v an tag es  - i t  canno t give 
inform ation about the  hos t spec ies  in which the  label is in c o rp o ra ted ;  
it canno t iden tify  the  composition of the  p ro d u c ts  formed and  it  is 
limited to a te m p e ra tu re  ra n g e  o ver  which the  Geiger-M uller c o u n te rs  
can op era te  ( -10°  to + 100°C) . However, the  former d isa d v a n ta g e s  can 
be  overcome by using  a combination of d irec t  monitoring, spec tro scop ic  
an d  gas ch rom atography  te ch n iq u e s  which, to g e th e r ,  form a pow erfu l 
tool for use  in th e  s tu d y  of c a ta ly s is .
The use  of rad ioac tive  t r a c e r s  to follow reac tio n s  in te rm s of 
gain ing  some in s ig h t  into th e i r  mechanisms has  been  widely u s e d .
T h is  can be accomplished if th e  gas chrom atographic  sep a ra t io n  of the  
reac tion  p ro d u c ts  is accompanied by  a simultaneous de term ina tion  of th e  
rad io ac tiv ity  con ten ts  of th e se  p ro d u c ts .  From th e se  m easu rem en ts ,  
reac tion  mechanisms can be  d ed u c e d .  Gas-flow p ropo rtiona l c o u n te r s  
a re  usually  employed in su ch  s tu d ie s  with methane or a rg o n -m e th an e  as 
the  quench ing  a g e n t .  Unlike Geiger-M uller c o u n te r s ,  p ro p o r tio n a l  
c o u n te r s  can be o p e ra ted  a t  h ig h  te m p e ra tu re s  (250° -  300°C) with h igh  
effic iencies (~ 100% c . f .  GM c o u n te r s  < 5%).
R ad io trace r  methods have  also been  u sed  in c a ta ly s t  su r fa c e  
a rea  de te rm ina tions . Aylmore and  Jepson  (167) developed  a te ch n iq u e  
fo r  su rface  area  m easurem ent using  K ryp ton-85  as a t r a c e r .  The 
tech n iq u e  is b a sed  on th e  B r u n a u e r ,  Emmett and  Teller (BEM) m ethod,
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in which th e  amount of [85-K r] ad so rb ed  is m easured  by  its  d is a p p e a r ­
ance from the  gas p h a s e .  A no ther  techn ique was developed  by H ughes 
e t  al. (168), w here [ 1 4 -C ]-ca rb o n  monoxide was u sed  as th e  a d so rb a te .  
T hese  a u th o rs  u sed  a gas-flow  system  in which the  labelled  [14-C]-CO  
was in jec ted  into a helium c a r r i e r  gas stream at c o n s tan t  r a te  an d  hence 
on to the ca ta ly s t .  T he  am ount of u n ad so rb ed  carbon  monoxide was 
m onitored in a cham ber viewed by  a Geiger-Muller c o u n te r .  I t  is 
im portan t to notice th a t  su r fa c e  a rea s  m easured  by th e  form er method 
can be co r re la ted  with th e  to ta l su rface  area  of th e  c a ta ly s t ,  w hereas 
m easurem ents  made by  th e  la t te r  method revea l the  metal adso rp tion  
s ite s  as a r e s u l t  of a specific  chem iso rp tion .
The t r a c e r  method has  also co n tr ib u ted  to th e  s tu d ie s  of 
s u r fa c e  h e te ro g e n e i ty .  F or example, Roginskii and Keir (169) 
developed  a method by  which th e  degree  of the  h e te ro g e n e i ty  of the 
su r fa c e  can be de te rm ined .  T he  method is b ased  on the  fac t th a t  the  
c a ta ly s t  su rface  is p a r t ia l ly  covered  with one k ind  of a d s o rb a te  followed 
by  a complete coverage  with an o th e r  k ind  of d if fe re n t  isotopic compo­
s ition . If  the  su r face  is  he te ro g en eo u s ,  on therm al d e so rp t io n ,  the  last 
a d so rb a te  which re a c h e d  th e  ca ta ly s t  would be the  f i r s t  to d e s o rb ,  th a t  
i s ,  "F irs t  on , Last o f f" .  However, a lthough  th is  method h a s  been  
applied  by severa l w o rk e rs ,  it s u f fe rs  from the  d raw back  th a t ,  on 
hea ting  the  ca ta ly s t ,  a s u r fa c e  migration of atoms may occu r  and  hence 
th e  su rface  h e te ro g e n e i ty  may be m isunders tood . Thomson and  
C ran s to u n  (170) u se d  a d isp lacem ent method in which the  su r fa c e  was
p artia lly  covered  by  h y d ro g e n  followed by the  adso rp tion  of t r i t r a te d  
3
h y d ro g e n  ( H ) . When th e  more s tro n g ly  ad so rb ed  [203-Hg] o r  [197-Hg]
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was adm itted  to the  c a ta ly s t  s u r fa c e ,  the  d isp laced  h y d ro g e n  gas was 
exam ined for rad io a c tiv i ty .  T h e ir  r e s u l t s  on nickel films a t 25°C obeyed  
th e  " F irs t  on, L ast off" ru le .
Much inform ation co ncern ing  ca ta ly s t  poisoning e ffec ts  has 
b een  ob ta ined  with th e  aid of rad io ac tiv e  t r a c e r s .  For exam ple,
Campbell and Thomson (171) s tu d ie d  th e  effect of nickel ca ta ly s t  
po ison ing  on the cyc lopropane  and  p ro p y len e  h y d ro g en a t io n ,  us ing  
[203 -H g].  T heir  r e s u l t s  showed th a t  the  Hg poison was active  in 
cyc lopropane  h y d ro g e n a t io n ,  b u t  no t in p ro p y len e  h y d ro g e n a t io n .  The 
o b se rv a t io n s  were in t e r p r e te d  as  being  due to the  d isplacem ent of 
h y d ro g e n  by  m ercury  in th e  case of cyclopropane  h y d ro g e n a t io n ,  w here­
a s ,  due  to the  s te r ic  in te ra c t io n s  of p ro p y len e  molecules, th e  poison did 
no t inh ib it  its  h y d ro g en a t io n  reac t io n .  [203-Hg] was also u sed  by Webb 
and  M acN ab(l72) to in v e s t ig a te  th e  e ffec t of ca ta ly s t  po ison ing  on th e  
h y d ro g en a t io n  and  isom erisation of b u t - l - e n e  o ve r  s u p p o r te d  Rh c a ta ly s ts .  
I t  was found th a t  th e  h y d ro g en a t io n  and  isomerisation p ro c e s se s  o c c u r re d  
in d e p en d en tly  of each o th e r  and th e  isom erisation ac tiv ity  was mainly 
g o v e rn e d  by the  s u p p o r t .  Al-Ammar and  Webb (59) u sed  [14-C ]-C O  to 
s tu d y  th e  effect of c a rb o n  monoxide poisoning  on s u p p o r te d  R h , I r  and  
Pd c a ta ly s ts  which were u sed  for ace ty lene  h y d ro g en a t io n .  T he a u th o rs  
conc luded  th a t  the  poisoning e ffec ts  of carbon  monoxide a re  no t due 
simply to h y d roca rbon  "s i te -b lock ing"  effec t b u t  r a th e r  involve a 
se lec tive  h y d rogen  "s i te -b lock ing"  p ro c e s s .
63
CHAPTER TWO
OBJECTIVES OF THE PRESENT WORK
The work d esc r ib e d  in th is  th e s is  is a de ta iled  inves t iga t ion  of 
th e  h yd rogena t ion  of ace ty lene  and  b u t a - 1 ,3 -d iene  on th e  s ta n d a rd  
c a ta ly s ts ,  EUROPT-1 ( 6 % P t / S i 0 2) and  EUROPT-3 (0.3% P t / A l ^ )  which 
have  been d es ig n ed  by  th e  Council of Europe C ata lys is  Group (EU RO CAT), 
to be used  by th e  academic and in d u s tr ia l  communities as re fe re n c e  
c a ta ly s ts .  T h ese ,  in addition  to an o th e r  th re e  P t  c a ta ly s ts  s u p p o r te d  
on silica, alumina and  m olybdena p re p a re d  at Glasgow U n ivers ity  by 
D r. G. McLellan, were s tu d ie d  with th e  aim of gaining inform ation 
c o n c e rn in g :
1 -  The a d so rp tio n s  of [ 14 -C ]-ace ty len e ,  [1 4 -C ]-e th y le n e ,  and  [ 14—C ] —
carbon monoxide on th e se  c a ta ly s ts .
2 -  The evaluation of th e  effec ts  of va r ious  t re a tm e n ts  su ch  as ,
evacuation , molecular ex ch a n g e ,  an d  hy d ro g en a t io n  upon th e  
ad so rbed  [14-C] spec ies .
3 -  The hyd ro g en a t io n  of ace ty lene and  b u t a - 1 , 3-d iene on th e se
c a ta ly s t s .
4 - The n a tu re  of the  ac tive  s ite s  involved in the  ad so rp t io n  and
hyd rogena t ion  reac t io n s .
5 -  The effec ts  of s u p p o r t  on th e  adso rp tio n s  and  h y d ro g en a t io n
re a c t io n s .
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6 - Mechanisms for th e se  reac t io n s  using  [ 1 4 -C ] -e th y le n e , the
fac to rs  which determ ine th e  se lec tiv ity  exh ib ited  by  th e se  
c a t a ly s t s .
7 -  The e ffec ts  of H ^S-poisoning on th e  adso rp tion  of h y d ro c a rb o n s
and  ca rb o n  monoxide and  on the  ac tiv ity  and se lec tiv i ty  of





APPARATUS AND EXPERIMENTAL PROCEDURES
3.1 The Vacuum S y s te m s :
3 .1 .1  A cetylene H ydrogenation  System
The a p p a ra tu s  which was used  for the  reac tion  of acetylene
with h y d ro g en  co n s is ted  of a conventional vacuum system  (F igu re  7).
-4The system , which was maintained at a p r e s s u r e  of < 10 T o rr  by 
u s ing  a m ercury  d iffusion  pump (D) backed  by  an oil r o ta r y  pump (R ) ,  
in c o rp o ra ted  four two l i t re  bu lbs  (G) for the  s to rag e  of h y d ro g en  and 
r e a c ta n t  h y d ro c a rb o n s  (ace ty lene ,  e thy lene  and  e thane )  and  th re e  
250 ml bu lb s  (g) for the  s to rag e  of d ilu ted  [ 14 -C ]-rad ioac tive  g ase s .  
T h ese  s to rag e  b u lb s  were connected  d irec tly  to a s eco n d a ry  manifold 
via 2 mm taps  to allow ease of filling or evacuation  an d  via 2 mm taps  
to a p a r t  of th e  vacuum system close to the  reac tion  v esse l  ( R . V . ) .
A [ 14 -C ]-carbon  dioxide co n v e r te r  (C) was a t tach e d  to th e  ap p a ra tu s  
for the  conversion  of [ 14 -C ]-carbon  dioxide to [ 14 -C ]-ca rb o n  monoxide. 
A 250 ml bulb  of [ 3 5 - 5 1 - ^ 5  (S) was connec ted  ad jacen t to th e  reac tion  
v esse l  and  th e  p r e s s u r e  t r a n s d u c e r  to contro l th e  expans ion  of th e  H^S 
to th e  reac tion  v esse l .  Reaction m ix tu res  of the  r e q u i r e d  compositions 
for use  in the  hyd ro g en a t io n  reac tions  were p re -m ix ed  and  s to red  in a 
500 ml vesse l (MV) f i t ted  with a cold f in g e r .  A n o th e r  250 ml s ta n d a rd  
vesse l  (SV) was connec ted  to the  vacuum line in which a s ta n d a rd  






F ig u re  7. Vacuum line diagram for a d so rp tio n s  and  ace ty lene  
h y d ro g e n a t io n .
G - inac tive  gases s to rag e  bu lb s
g - rad ioac tive  gases  s to ra g e  bu lb s
S = su lp h u r  bulb
R .V . = reac tion  vesse l
M.V. = mixing vesse l
P .T . = p r e s s u r e  t r a n s d u c e r
M.M. — m ercu ry  manometer
S .H . = sample hand ling  un it
S .V . = s ta n d a r d  vesse l for gas ch rom a tog raphy
G .C . gas ch rom a tog raphy
P .C . p ropo r t io n a l  co u n te r
D - diffusion  pump
R - ro ta ry  pump
C - ca rbon  dioxide c o n v e r te r
P - P iran i  gauge
f- s topcock
O = th re e -w a y  stopcock
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calib ra tion  of th e  gas ch rom atograph ic  system  p r io r  to h y d ro g en a t io n  
ex p e r im en ts ,  w ithout it  e n te r in g  th e  reac tion  vesse l.
The p r e s s u r e s  in the  system  were m easured  u s ing  a m ercury  
manometer (MM), a c a l ib ra ted  d iffe ren tia l  p r e s s u r e  t r a n s d u c e r  (PT) 
(sec tion  3 .1 .1 .4 ) ,  and  a P iran i  vacuum gauge (P) (E dw ards  h igh  vacuum , 
model 812). P r e s s u re s  in th e  reac tion  vesse l were m easu red  using  th e  
p r e s s u r e  t r a n s d u c e r ,  r a t h e r  th an  using  the  m ercu ry  m anom eter, in o rd e r  
to avoid ca ta ly s t contamination by  m ercu ry  v ap o u r  and  to m easure  
acc u ra te ly  the  small p r e s s u r e  changes  invo lved . The m e rc u ry  manometer 
was mainly u sed  to m easure  p r e s s u r e s  in the  gas s to ra g e  b u lb s  d u r in g  
filling. The P iran i gauge  was u sed  to monitor the  p r e s s u r e  of the  
vacuum line.
Using a v esse l  of known volume, filled with a i r ,  th e  volumes 
of th e  various  p a r t s  of th e  vacuum line were m easured . T he  closest
th re e  m easurem ents  were u sed  to eva lua te  the  mean volume x which
Exdefined  as —  and the  deviation  in th e se  m easurem ents  a which n n
def ined  as
3
Reaction vesse l 416.80 ± 2.84 cm
3
Prim ary  manifold 610.80 ± 1.68 cm
3
S econdary  manifold 252.42 ± 0.96 cm
H ydrogen  bulb  3260.05 ± 3.77 cm3
3
A cety lene bulb  + cold f in g e r  2621.61 ± 2.02 cm
E thy lene  bulb  + cold f in g e r  2533.26 ± 1.44 cm3
E thane  bulb + cold f in g e r  2533.76 ± 1.94 cm3
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[ 35—S 1 —1^ 2 ^ bulb + cold f inger 
[M -C l-C ^ H ^  bulb + cold f inger 
[H -C j-C ^ H ^  bulb + cold f inger
334.28 ± 5. 20 cm 3
335.90 ± 4.03 cm 3
382.11 ± 2.91 cm 3
Mixing vesse l + cold f inger 698.39 ± 3.09 cm 3
S ta n d a rd  vesse l + cold f inger 420.05 ± 2.45 cm 3
3 .1 .1 .1  T he  Reaction Vessel
The reac tion  vesse l (F igure  8 ) was d es ig n ed  in such  a way 
th a t  it allowed the  simultaneous determ ination  of th e  su r fa c e  and gas 
ph ase  count r a te s  d u ring  (i) the  adso rp tio n  of [ 14-C] - labe lled  h y d ro ­
ca rb o n s  at ambient tem pera tu re  and  (ii) the  hyd ro g en a t io n  re a c t io n s .
I t  also conta ined  the  facility for the  in s itu  reduction  of the  c a ta ly s ts  
at e leva ted  tem p era tu res  using a coil fu rnace  (F ) .  I t  was s i tu a te d  in 
a position to make it possible to m easure d irec tly  the  p r e s s u r e  changes  
o c c u rr in g  within the  reaction  vessel by using  a d iffe ren tia l  p r e s s u r e  
t r a n s d u c e r  (section  3 .1 .1 .4 )  and  to e x t r a c t  samples for ana lysis  by gas 
ch rom atog raphy  (section 3.2) and  gas-p ro p o r t io n a l  coun ting  (section  
3. 1.1 . 5). It was of a similar design to th a t  originally  developed  by 
Cormack e t al. (166) and  su b se q u en tly  modified by Reid e t al. (173).
( T j )  ta p ,  to the p r e s s u re  t r a n s d u c e r  via (T^) ta p ,  and  to the  sample 
hand ling  un it via tap  (T ^ ) .  The ca ta ly s t  was always s p re a d  on the 
walls of a glass boat (X) , which was div ided  into two com partm ents  by 
a g lass  wall. Compartment (b) was identical to com partm ent ( a ) ,  bu t 
did not contain any ca ta ly s t .  The ca ta lys t  boat could be moved from 
position ( 1 ) to position ( 2 ) by the use  of an ex te rna l  m agnet applied  to



































th e  g la ss -enc lo sed  metal b a r  (M) . D uring  th e  experim en ts  th e  ca ta ly s t  
boat was always at position ( 1 ) and  it was only moved to position ( 2 ) 
when ca ta ly s t  r e d u c t io n  was r e q u i r e d .  The h igh  te m p e ra tu re s  r e q u i re d  
for the  red u c t io n  of th e  c a ta ly s ts  up to 400°C were m ain tained  by the  
use  of an e lec tr ic  fu rn a c e  (F) , which was contro lled  by  a Variac 
t r a n s d u c e r  (T y p e  -  V6 HMTF). T em p era tu re s  in the  fu rn a c e  reg ion  
were m easured  u s ing  a therm ocouple wire connec ted  to a Comark 
e lectron ic  therm om eter (E lec tron ics  L td .  1602 C r /A l) .  T he  ca ta ly s t boat 
could be rem oved from th e  reac tion  vesse l via a B34 jo in t.
The reac tion  v esse l  was f i t ted  with two G eiger-M uller c o u n te r s ,  
GM(A) and GM(B), which were held  in position by  u s ing  ex ten d ed  B34 
cones into which the  c o u n te r s  were sealed  with an adhes ive  (A ra ld ite ) .
3 .1 .1 .2  The G eiger-M uller System
The G eiger-M uller tu b e s  u sed  in th is  s tu d y  w ere of type  
Mullard ZP1481 end  window c o u n te rs  filled with a m ix tu re  of neon, a rg o n ,  
an d  h y d ro g en  g a se s .  Each co u n te r  was connec ted  to a sca le r  ra te m ete r  
(N uclear E n te rp r is e s  L t d . ,  model S .R . 5 ) .  The w orking voltage 
(p la teau  reg ion) of th e  c o u n te r s ,  w here  the  count r a te  is near ly  
in d e p en d en t  of the  app lied  vo ltage , was de term ined  fo r  each  G eiger- 
Muller tube  u s in g  a [60-Co] so u rce .  A typ ica l p la teau  is shown in 
F ig u re  9. The vo ltage in the  middle of the  pla teau was chosen  as the  
w orking voltage for th e  G eiger-M uller co u n te r  d u r in g  th e  experim en ts .
Since the  effic iencies of th e  two G eiger-M uller tu b e s  were 
found to be s l igh t ly  d i f fe re n t  (F ig u re  10), it was n e c e s s a ry  to in te r -  











Applied Voltage (V o i t ) □
1800 1880 1960 2040 2120 2200 2280 2360
O  G e ig e r -M u lle r  Counter 
□  P ropo rtiona l  C ounter
O





3.0 3.4 3.8 4.2 4.6 5.0 54 5.8
Applied Voltage ( V o i t ) x i o 2 o
F ig u re  9. G eiger-M uller and p roportional c o u n te rs  p la teau .
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Count Ratex10- ^miri  ^ R eco rd e d  by GM(B) □
F ig u re  10. Gas p h ase  count ra te  reco rd ed  by  GM(A) and  GM(B) against 
p r e s s u r e  of rad ioactive  gas; the  in te rca l ib ra t io n  c u rv e  of 
the  c o u n te r s .
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c o u n te r s  could be d irec tly  com pared. T he in te rca l ib ra t io n  was 
p erfo rm ed  by  adm itting small a liquo ts  of a rad io ac tiv e  gas ( e .g .  [ 14— C ] — 
to the  reac tion  vesse l  in th e  ab se n c e  of any  ca ta ly s t  with th e  
boa t in position (1 ) .  Twelve s e p a ra te  tw o-m inute  coun ts  of the r a d io ­
ac tive  gas w ere made and  th e  count r a t e s  w ere c o r re c te d  for dead time 
a n d  b a c k g ro u n d .  The in te rca l ib ra t io n  fac to r  was de term ined  from a 
plot of the  count r a te  re c o rd e d  by  G eiger-M uller (GM.A) aga in s t th e  
coun t r a te  re c o rd e d  by  G eiger-M uller (G M .B ). From the  re su l t in g  
p lo t (F ig u re  10), it  was found th a t :
1.035 x count r a te  (GM.A) = coun t r a t e  (GM.B)
Hence all the  count r a te s  re c o rd e d  by  th e  G eiger-M uller (GM.A) w ere 
m ultiplied by th e  in te rca l ib ra tio n  fac to r  (1 .035) b e fo re  su b trac t io n  from 
the  co u n t r a te s  re c o rd e d  by  G eiger-M uller (G M .B ).
Due to the  fact th a t  a f te r  a p a r t ic le  h a s  been  d e tec te d ,  th e  
c o u n te r  is unable  to de tec t an o th e r  for a p e r io d  of time. The o b s e rv e d  
coun t r a te s  must be  co r re c te d  for th is  dead  time of th e  d e tec to r ,  which 
is spec if ied  by  th e  m a n u fa c tu re r  to be  500 p seconds  for the  ZP1481 
c o u n te r s .  Hence, all count r a te s  re c o rd e d  by  GM.A an d  GM.B tu b e s  
w ere c o r re c te d  for the  dead-tim e lo sses  accord ing  to the  rela tion
N
N = — - —T 1-N t o
w here  N = the  coun ts  p e r  second  r e c o rd e d  on th e  SR5 sca le r  o
N^, = the  t r u e  count r a te
-4t = dead  time in seconds  (5 x 10 s . )
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T he  co rrec tion  for the  b a c k g ro u n d  a c t iv i ty  (activ ity  due to 
e x te rn a l  ra d ia t io n )  was made by counting  s e v e ra l  two-m inute counts  
befo re  each  ex p er im en t .  T he  ave rage  of th e se  count r a te s  was u sed  
as th e  b a c k g ro u n d  ac t iv i ty .  T hus
Nc n t  n b
w here  N,p = the  t ru e  count r a te
Ng = the  b a ck g ro u n d  a c t iv i ty
N^. = the  actual num ber of co u n ts  a f te r  correction
In o rd e r  to examine th e  adso rp tio n  e f fe c ts  on th e  amount of 
rad io ac tiv e  emissions reach ing  the  G eiger-M uller c o u n te r s ,  two effects  
of co n ce rn  w ere co n s id e red .  The phenom ena of se lf -ab so rp tio n  ( losses  
in coun t r a te  d e tec te d  from the  gas p h ase  with  in c reas in g  gas p r e s s u r e )  
was in v e s t ig a te d  by  determ ining the  coun t r a te  as a function  of [1 4 -C ]-  
carbon  monoxide p r e s s u r e  (F igu re  10). I t  can be seen  within the  gas 
p r e s s u r e s  u s e d  in th is  s tu d y  (5 T o rr)  t h a t  th e  e ffec t was neglig ible . 
A bso rp t ion  of $* rad ia tion  from the  su r fa c e  by  th e  gas p h ase  was p ro b e d  
by  p lacing  a ^ C o  source  u n d e r  GM(B) and  p r e s s u r e s  of air were 
adm itted  to th e  reac tion  vesse l which was e v a c u a te d  a f te r  each adm ission. 
I t  was found  th a t  a t p r e s s u r e s  less  th a n  100 T o r r  th e  effect was 
neg lig ib le .
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3 .1 .1 .3  T echnical C onsideration
I t  is im portan t to note th a t  th e  h e ig h t  of the  Geiger-M uller 
tu b e s  (M ullard M xl68/01) was found  to a ffec t the  count r a te s  which 
w ere r e c o rd e d  by  the  co u n te r  (GM.A) . In  an a t tem pt to s tu d y  the  
a d so rp t io n  iso therm  of [ 14 -C ]-ca rb o n  monoxide with the  c o u n te rs  a t a 
h e ig h t  of 30.74 mm from the  in te rn a l  bottom of the  glass b o a t ,  in i t ia lly ,  
th e  am ount of [ 14 -C ]-ca rb o n  monoxide a d s o rb e d  on the  ca ta ly s t  su r face  
was fo u n d  to in c re a se  p ro g re s s iv e ly .  A f te r  a p r e s s u r e  of about 1 T o r r ,  
the  c o u n t r a te  a d so rb e d  on the  c a ta ly s t  su r fa c e  was found to d ec re ase  
r a p id ly ,  a l though  a p r e s s u r e  in ex ce ss  of 5 T o rr  was u sed .  I t  was 
be l ieved  th a t  th is  beh av io u r  is likely to be the  r e s u l t  of a chemical 
r e a c t io n .
When th e  [ 14 -C ]-ace ty lene  ad so rp tio n  isotherm  was s tu d ie d  
with th e  c o u n te rs  a t  th e  same h e ig h t ,  a similar behav iour  was o b s e rv e d  
(F ig u re  11) a n d  the  coun t r a te  r e c o rd e d  on the  ca ta ly s t  su rface  d ro p p e d  
to the  b a c k g ro u n d  ac t iv ity .  H owever, when the ca ta ly s t  was e v ac u a ted  
for a p e r io d  of 45 min, the  count r a te  re c o rd e d  by (GM.B) was found  
to be 1478 cpm . T his  ind ica ted  th a t  a reasonab le  amount of [ 14—C ] — 
ace ty len e  h ad  been  a d so rb ed  on the  c a ta ly s t  su rface .
When the  h e ig h t  of the  G eiger-M uller co u n te rs  was ch an g ed  to 
17.85 mm from the  in te rn a l  bottom of th e  g lass  boat ,  a d if fe re n t  
b e h a v io u r  was o b se rv e d  and  th e  coun t r a t e  on the  ca ta ly s t  was found  to 
in c re a se  with th e  amount of [ 1 4 -C ]-ace ty lene  adm itted . A fte r  the  
reac t io n  vesse l  had  been ev acu a ted  for 45 min, the  amount of the  ra d io ­
a c t iv i ty  r e c o rd e d  by (GM.B) was found  to be  s ligh tly  d if fe re n t  from th a t  
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F igu re  11. The e ffec t of Geiger Muller c o u n te rs  h e ig h t  on the  adsorp tion  
iso therm  p lo t .
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can be exp la ined  by  the  fact th a t  some of th e  a d so rb e d  rad ioac tiv ity  on 
the  ca ta ly s t  s c a t t e r e d  and  was d e tec te d  by the G eiger-M uller (GM.A) 
and  it would in c re a se  as the  p r e s s u r e  of the  rad ioac tive  gas in c re a se d .  
All the  experim en ts  d e sc r ib e d  in th is  th e s is  were c a r r ie d  out with the  
Geiger-M uller c o u n te r s  a t  the  second h e ig h t .
3 .1 .1 .4  T he  P r e s s u r e  T ra n sd u c e r
T he  p r e s s u r e  in the reac tion  v esse l  was m easured  using  a 
d iffe ren tia l  p r e s s u r e  t r a n s d u c e r  (E .S .  L abo ra to r ies  (E .M .I . )  L td . ,  
model SE21/V /10D ). T he  use  of the  p r e s s u r e  t r a n s d u c e r  allowed the  
possib ili ty  of m easuring  the p r e s s u re  of small a liquots  of the  h y d ro ­
c a rb o n s ,  which were in t ro d u ced  to th e  c a ta ly s t  d u r in g  the  adso rp tion  
iso therm  ex p e r im en ts .  I t  was also u se d  to con tinuously  re c o rd  the  
p r e s s u r e  fall d u r in g  th e  course  of h y d ro g en a t io n  reac tio n s  by  connecting  
the  o u tp u t  from th e  t r a n s d u c e r  d irec tly  in to  a S e rv o sc r ib e  (model 
R .E .5 1 1 .2 0 )  c h a r t  r e c o rd e r .  The p r e s s u r e  t r a n s d u c e r  was ca lib ra ted  
o ver  the  ra n g e  0-100 T o r r  using a m ercu ry  manometer. A linear 
re la t ionsh ip  was found  betw een th e  app lied  p r e s s u r e  and  th e  o u tp u t  
re sp o n s e  from th e  p r e s s u r e  t r a n s d u c e r  (F ig u re  12) . An o u tp u t  
deflection  of 1 mV c o rre sp o n d ed  to a p r e s s u r e  of 0.47 T o r r .
3 .1 .1 .5  The P roportiona l C ounter
To id en tify  th e  rad ioactive  c o n ten t  of each component of the  
p ro d u c ts  d u r in g  th e  hyd rogena tion  of ace ty le n e ,  a gas-flow p roportiona l 
c o u n te r  was coupled to the  gas ch rom a tog raphy  system  (F ig u re  13).
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F ig u re  12. Calibration  of p r e s s u r e  t r a n s d u c e r .
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F igu re  13. Block diagram of gas chrom atograph ic  an d  p ropo r t io n a l  




























developed  by  S chm id t,  Bleeck and Rowland (174). I t  was co n s tru c te d
3
from b r a s s  a n d  Teflon and  had an in te rn a l  volume of approxim ately  36 cm . 
T he anode was a s ta in le ss  steel wire of d iam eter 0.01 mm. The p ro p o r t i ­
onal c o u n te r  was connec ted  to a p re -am plif ie r  (ESI 425), which was in 
tu r n  co n n ec ted  to a scaler  ra tem ete r  (Model -  SR5) . The o u tp u t  from the  
sca le r  ra te m e te r  was connec ted  into one channe l of the  tw o-channel 
S e rv o sc r ib e  po ten tiom etric  c h a r t  r e c o rd e r  ( ty p e  R .E .5 2 0 .2 0 ) .  The o th e r  
channe l was co n n ec ted  to the  o u tp u t  of the  d e te c to r  of the  gas chrom ato­
g ra p h y  sy s tem , in which a d irec t com parison of th e  rad ioac tiv ity  con ten ts  
of th e  p ro d u c ts  can be made on the  same c h a r t  p a p e r .  T he  p roportional 
c o u n te r  was o p e ra te d  with a helium -m ethane m ix tu re .  A helium flow r a te  
of 60 ml min  ^ was r e q u i re d  for effic ien t ch rom a tog raph ic  separa t ion .  
M ethane was in t ro d u c e d  into the helium c a r r i e r  gas stream at the exit from 
the ch ro m a to g rap h ic  system and its  flow ra te  was con tro lled  by using  a 
N upro  (L s e r ie s )  fine needle valve which was co n n ec ted  to a N eg re tt i  
Zambra va lve .
U sing a [60-Co] e x te rn a l  sou rce  p laced  ad jacen t to the c o u n te r ,  
it was found  th a t  the  location and  le n g th  of th e  p la teau  of the  coun te r  was 
d e p e n d e n t  on th e  composition of the  helium -m ethane ra t io .  The optimum 
helium to m ethane ra t io  was found to be 1 0 : 1 , p ro v id e d  th a t  the flow ra te  
of helium was m aintained a t  60 ml \  T h u s ,  the  flow r a te  of methane was 
6 ml min ^ .
U n d er  th e se  conditions a p la teau  le n g th  in excess  of 80 volts  
with a va r ia t io n  of le ss  than  5% in the  coun t r a te  o ve r  the  le n g th  of the  
p la teau  was o b ta in ed  (F igure  9) . The co u n te r  p la teau  reg ion  was checked  
b e fo re  each ex p er im en t us ing  the [60-Co] sou rce  u n d e r  the  above 
m entioned  cond itions .
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When [ 1 4 -C ]-h y d ro ca rb o n  samples were p a s s e d  th ro u g h  the  
p ro p o r t io n a l  c o u n te r ,  the  o u tp u t  from th e  scaler  ra te m e te r  was 
r e c o rd e d  as a p eak  on th e  ch a r t  r e c o rd e r .  T hese  p eak s  were used  as 
an ind ica tion  of w hen to s t a r t  and to stop co u n t in g .  The total rad io ­
ac t iv i ty  in th e  h y d ro c a rb o n  gas was o b ta ined  by  s u b t r a c t in g  the 
b a c k g ro u n d  a c t iv ity  from the  co u n ts ,  de te rm ined  d u r in g  the  passage  of 
th e  sample th r o u g h  th e  c o u n te r .  In o rd e r  to in v e s t ig a te  w hether  the  
p a s s a g e  of an inac tive  h y d rocarbon  gas th ro u g h  th e  p roportional 
c o u n te r  would h av e  any  quenching  e f fec t ,  which in t u r n  may cause an 
a l te ra t io n  to th e  coun t r a t e ,  severa l p u lse s  (10-20 T o r r )  from the 
s ta n d a r d  m ix tu re  of inac tive  e thane ,  e th y le n e ,  an d  ace ty lene  were 
adm itted  to th e  gas chrom atography  system  and th e n  th ro u g h  the  gas 
p ro p o r t io n a l  co u n te r  with the e x te rn a l  [60-Co] so u rce  in position. No 
q u en ch in g  to th e  coun t r a te  was o b se rv ed  in the p r e s s u r e  range  u se d .
3 .1 .2  B u t a - 1, 3 -d iene H ydrogenation System
The reac tio n  of b u t a - 1 ,3-diene with h y d ro g e n  was ca rr ied  ou t
in a s ta t ic  conven tional vacuum system  (F ig u re  15). I t  contained th re e
b u lb s  for th e  s to ra g e  of hy d ro g en  (H ), b u t a - 1 , 3-diene (B ) ,  and the
reac tio n  m ix tu re  (M). Each bulb was connec ted  th ro u g h  a 2 mm tap
to a sec o n d a ry  manifold for evacuation an d  filling with gases  an d ,  via
a n o th e r  2 mm tap  to a p a r t  of the  vacuum line close to the  reaction
v esse l  ( R .V . )  an d  th e  p r e s s u re  t r a n s d u c e r  ( P . T . ) .  T he ap p a ra tu s
-4was m ain tained  at a p r e s s u r e  of 10 T o r r  o r ,  b e t t e r ,  by  means of a 
m e rc u ry  d iffusion  pump (P) backed  by  a ro ta ry  oil pump (R ) .  The 










H h y d ro g en  bu lb
M reaction  m ix ture  bulb
B b u t a - 1, 3-diene bu lb
D diffusion pump
R oil r o ta ry  pump
P .T .  = p r e s s u r e  t r a n s d u c e r
R .V . = reac tion  vesse l
S .V . = sampling vesse l
C .V . = cold vesse l
S .T .  = sampling tu b e
® - l iqu id  t r a p s
1—  = stopcock
F ig u re  15. B u tad iene  h yd rogena t ion  vacuum system .
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manometer, w hereas  th e  p r e s s u r e s  in the  reac tion  vesse l were m easured  
using  a ca l ib ra ted  p r e s s u r e  t r a n s d u c e r  (S .E .  ty p e  SE/V/10D) (section  
3, 1 .1 .4 ) ,  capab le  of accu ra te ly  reco rd ing  p r e s s u r e  changes  of 0.01
3
T o r r .  The reac tion  vesse l  (F igu re  15) which was approxim ately  80 cm 
was loaded with th e  ca ta ly s t  and  a t tach e d  to th e  vacuum line th ro u g h  
a BIO joint.  To facilita te  analysis  of th e  reac tion  p ro d u c ts ,  the  
reac tion  v esse l  was coupled to a sampling v esse l  ( S .V .)  which was in 
tu rn  joined to a vesse l containing a g lass  sp ira l  tu b in g  (C .V . )  which 
was m aintained at -196°C using  liquid N^, for removal of h y d ro g en  
from the reac tion  p ro d u c ts .  The p ro d u c ts  w ere then  t r a n s f e r r e d  to 
an ev acu a ted  sampling tu b e  connected  to the  system .
T he  volume of th e  d iffe ren t p a r t s  of the  vacuum system were 
m easured  using  the  method d esc r ibed  in section  3 .1 .1  and  were as 
follows:
Reaction v esse l  89.12 ± 0.02 cm^
3
Prim ary manifold 487.24 ± 4.76 cm
S econdary  manifold 408.89 ± 2.69 cm2
H ydrogen bu lb  2452.23 ± 6.00 cm2
B utad iene  bulb  + cold f inger 1081.35 ± 4.00 cm2
B utad iene  + bulb  + cold f inger  2509.61 ± 8.49 cm2
Sampling v esse l  515.11 ± 4.28 cm 2
Cold v esse l  115.89 ± 1.50 cm2
3
Sampling tu b e s  7.46 ± 0.01 cm
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3. 2 The Gas C hrom atography  System s
A nalysis  of the reac tion  p ro d u c ts  was perfo rm ed  by gas 
ch rom atography  u s ing  a therm al co n d u c t iv i ty  (Gow-Mac model 10-285) 
chrom atograph ic  d e te c to r ,  o p e ra te d  a t a filament c u r r e n t  of 200 mA.
The o u tp u t from the  d e tec to r  was fed to a S e rv o sc r ib e  c h a r t  r e c o rd e r  
( ty p e  R .E .5 2 0 .2 0 ) .  The s e n s i t iv i ty ,  S ^ ,  of th e  d e te c to r  to each 
component of th e  h y d ro ca rb o n  m ix ture  was de te rm ined  by adm itting  a 
known p re s s u re  of a m ixture  of accu ra te ly  known composition to the  
gas ch rom atograph  and  the  sen s i t iv i ty  was ca lcu la ted  according to th e  
re la tion
Peak a rea
SA = ----------------------------------------------------P artia l  p r e s s u r e  of h y d ro c a rb o n
A fte r  fo u r  samples of the  m ix ture  had  been  analyzed  by  
the gas ch rom a tog raph ,  the  av e ra g e  of the  c losest th re e  sen s i t iv i t ie s  
was taken  as the  sen s it iv i ty  of the  d e te c to r  for th a t  p a r t ic u la r  h y d r o ­
carbon  com ponent. This was th en  u sed  to de term ine  the p a r t ia l  
p r e s s u r e s  of th a t  h y d ro ca rb o n  com ponent in th e  reac tion  p ro d u c ts  an d  
hence the  p e rc e n ta g e  composition of the  p ro d u c t  m ix ture  could be 
d e d u c e d .
In the  separa tion  of the  p ro d u c ts  of the  h y d ro g en a t io n  of 
ace ty lene ,  a column containing 40-60 mesh a c t iv a ted  silica gel was u s e d .  
The column was 1 m etre  long , 2 mm in te rn a l  d iam ete r ,  packed  with 
ac t iv a ted  silica gel, and  o p e ra ted  a t 40°C, using  helium as the  c a r r i e r  
gas at a flow r a te  of 60 ml min 1. T he  in let of th e  column was 






A: S tan d b y  mode
B : A nalysis  mode
S.V.: Sam pling V esse l 
R.V.: R eaction  V e sse l 
VS.: Vacuum S y stem  
C.C.: Chrom atograph 
Column 
T.C.D.:Thermal C onductiv ty  
D e te c to r
F igu re  16. Sample handling  un it
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d irec tly  to the  reac tion  vessel in which samples from the  reac tion  
p ro d u c ts  can be ana lyzed  d u ring  the  c o u rse  of th e  reac tion .  A 
typ ica l sepa ra t ion  of a h y d ro ca rb o n  m ix tu re  of e th a n e ,  e th y le n e ,  and  
ace ty lene  is shown in F igu re  17. T he  r e te n t io n  time of each compon­
en t  of th e  h y d ro ca rb o n  m ixture on th e  column m easured  from the  
injection po in t were as follows:
H ydrocarbon  R e ten tion  time (min.)
E thane  1.30
E thy lene  2.40
A cety lene 7.80
C ^-H y d ro ca rb o n s  18.20
Peak  a rea s  were de term ined  by  d ire c t  m easurem ent of the  
peaks  using  a f ixed arm p lan im eter .
In  the  case of b u t a - 1 , 3 -d iene  h y d ro g e n a t io n ,  reac tion  
p ro d u c ts  were collected in sampling v e s se ls  which in tu r n  connec ted  to 
a micro vacuum line a t tach e d  to th e  gas ch ro m a to g rap h .  The p ro d u c ts  
th en  p a s se d  th ro u g h  a U -tube  similar to th a t  shown in F igu re  16.
T he  column employed was 12 m etres  in le n g th ,  an d  6 mm e x te rn a l  
d iam eter ,  packed  with 33% dimethyl su lpho lane  s u p p o r te d  on 40-60 mesh 
ch rom oso rb -P .  I t  was o p e ra ted  a t room te m p e ra tu re  with helium as 
th e  c a r r ie r  gas a t a flow ra te  of 60 ml min T he  re te n t io n  time of
the  h y d ro g en a t io n  p ro d u c ts  was m easu red  p r io r  to each  experim en t 
by p u ls ing  a known p r e s s u r e  of a p re -m ix e d  m ix tu re  of n -b u ta n e ,  
b u t -  1-ene  , t r a n s - b u t - 2 -e n e ,  c i s - b u t - 2-e n e  and  b u t a , 1 , 3-d ien e  in to 
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F ig u re  17. A typ ica l gas ch rom atograph  t r a c e  from a m ixture  of e th a n e ,  









































































A typical t race  of th e  chrom atogram  ob ta ined  is shown 
in F ig u re  18 an d  the  re ten tio n  time of each h y d ro c a rb o n  was as 
ta b u la te d  below:
H ydrocarbon  R eten tion  Time (m in.)
n -B u ta n e  9.70
B u t - l - e n e  13.70
t r a n s - B u t -  2-ene 16.89
c is -B u t -2 -e n e  19.35
B u t a - 1 , 3-diene 27.34
3. 3 P re p a ra t io n  of [ 14-C ]-C arbon  Monoxide
[ 14 -C ]-C arbon  monoxide was p r e p a r e d  b y  th e  red u c t io n  of 
[ 14-C] -c a rb o n  dioxide (1 mCi b a tc h e s ,  specific a c t iv i ty  59.9 mCi 
m mol  ^ , su p p lie d  by the  Radiochemical C e n t re ,  Amersham) with 
metallic zinc. T he  a p p a ra tu s ,  which was u sed  for the  red u c t io n  
p ro c e s s ,  is shown in F igu re  19. I t  con ta ined  small p e l le ts ,  each of 
abou t 5 mm d iam eter ,  which were made from a m oistened  m ixture  
composed of 95% (w/w) zinc mixed with A erosil s ilica , th e  silica being 
u sed  to in c rease  th e  poros ity  and  to p r e v e n t  c logg ing .  The zinc 
pe lle ts  were d r ie d  at 120°C in an air oven  for ab o u t 24 h o u rs  befo re  
being in t ro d u c e d  in to  the  c o n v e r te r .  With th e  [ 1 4 -C ]-ca rb o n  dioxide 
sample a t tach e d  to the  B14 jo int,  th e  c o n v e r te r  was d e g a sse d  for 24 
h o u rs  at 320°C. The tem p era tu re  was p ro v id ed  by  s u r ro u n d in g  th e  
p a r t  of the  c o n v e r te r  containing the  zinc pe lle ts  w ith an electric  
fu rn ace  and  the  c u r r e n t  was con tro lled  by  a V ariac t r a n s fo rm e r .
r “\
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B14 J o i n t s
\ _ y
To Vacuum S ystem
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e lectr ic  fu rn ace
s ta in le ss  s tee l balls
[14-C] carbon  dioxide ampoule
b re a k  seal
F ig u re  19. A p p a ra tu s  for the  convers ion  of [14-C] ca rb o n  dioxide to 
[14-c] ca rbon  monoxide.
79
T he te m p e ra tu re  was m easured  using  a Comark e lectronic  therm om eter 
with th e  ho t end  of the  therm ocouple a t ta c h e d  to the side of the  
c o n v e r te r .  The [ 14 -C ]-carbon  dioxide was th en  in tro d u c e d  into the  
c o n v e r te r  by  ru p tu r in g  the  b reak  seal of th e  ampoule using  the  s ta in ­
less  s tee l balls  and  an e x te rn a l  m agnet.  The conversion  of [ 1 4 - C ] - C 0 2 
with zinc pe lle ts  a t  ~ 380°C was com pleted in abou t 72 h o u rs .  The 
[14-C ]-C O  was allowed to ex p an d  into a 250 ml s to rag e  bulb  and  d ilu ted  
with n o n -rad io a c t iv e  ca rbon  monoxide (Air P ro d u c ts  L td . )  to the 
r e q u i r e d  specific a c t iv i ty .
3.4 P re p a ra t io n  of [35—S ] -H y d ro g en  S u lph ide
The a p p a ra tu s  u sed  in the  p re p a ra t io n  of the  rad ioac tive
[3 5 -S ] -H 2S is shown in F igu re  20. I t  c o n s is te d  of a s ta n d a rd  vacuum
line , c o n s tru c te d  from capillary  g lass  tu b in g  (2 mm i . d . )  to minimize
the  loss of s u lp h u r  material du r ing  its  s y n th e s i s .  The vacuum in th e
system  was ach ieved  by  using  an oil r o ta r y  pump ( R . P . )  s i tu a te d
b eh in d  two liqu id  N2 t r a p s  ( LN^) . P r e s s u r e s  were m easured  u s ing  a
m e rc u ry  manometer (M.M.)  a t tach e d  to th e  main manifold. Two P 0O c +c b
3
liqu id  t r a p s  (5 cm ) were in c o rp o ra te d  in to  the  system for the
p u r if ica t io n  of [3 5 -S ] -H 2S, and  four B14 jo in ts  perm itted  the  t r a n s f e r
of th e  rad ioac tive  gas in to  s to rag e  am poules. The gas was g e n e ra te d  
3
in a 50 cm ro u n d e d  f lask  (B) f i t ted  with a double-lim bed s e p a ra to ry  
funne l (S) conta in ing  the  decomposing ac id .
[3 5 -S ] -H 2S was p re p a re d  acco rd ing  to the  equation
N a2S .9 H 20  + h 3p 0 4 * = ± n 2 S  + N a 2H P 0 4 + 9H2°
M.M.
L.N-
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H2S g en e ra to r  
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F igu re  21. In f r a re d  sp e c tra  of H^S (g a s ) .
80
5.9 mg [3 5 -S ] -N a 2S, (Sigma R adiochem icals),  of specific ac t iv ity  186.5 
mCi g 1 was loaded into the  ro u n d e d  f lask  and  d ilu ted  with 508.2 mg 
inac tive  N a2 S .9 H 20 ,  5 ml of 20-30% p hospho ric  acid ,H ^PO ^, was allowed 
to d r ip  slowly from the  se p a ra to ry  funne l into the  sodium su lph ide  
so lu tion . The evolved gas was d r ie d  over ^ 2 ^ 5  + N2 t r a p s ,
t r a n s f e r r e d  in to  s to rag e  ampoules and  u sed  as r e q u i r e d .  A nalysis  of 
the  [3 5 -S ] -H 2S th u s  p ro d u ced  by in f r a r e d  sp ec tro sco p y  showed b a n d s  
a t 2992 cm \  2848 cm \  2358 cm \  2329 cm * an d  1134 cm  ^ (F ig u re  
2 1 ) .
3.5 M aterials and  C ata lys ts
H ydrogen  ( B .O .C . ,  commercial g rade) was used  in the  
ca ta ly s t  red u c t io n  and hyd ro g en a t io n s  w ithout f u r th e r  pu r if ica t io n .
A cety lene (Air P ro d u c ts  L td . )  conta ined  bo th  air and  ace tone  
as the  main im purities .  The air was rem oved by  cooling the m ix tu re  
in the  cold f in g e r  a t  -196°C using  liqu id  n it ro g en  and  then  pum ping 
for about 15 m inutes .  Acetone was rem oved by  th re e  b u lb - to -b u lb  
d is ti l la tions .  The acetone was t r a p p e d  in th e  cold f in g e r  at -78°C 
us ing  m ethylene ch loride + solid C0 2 m ix tu re ,  w hereas  ace ty lene  was 
t r a p p e d  a t l iqu id  N 2 tem p era tu re  in th e  o th e r  cold f inge r  b u lb .  The 
gas ch rom a tog raphy  analysis  of th e  p u r if ied  ace ty lene  did  not show any  
im p u r i t ie s .
Helium (B .O .C .  L td . ,  g ra d e  A ) ,  for u se  as  th e  c a r r i e r  gas 
for the  gas ch rom atography  system , was u sed  d irec tly  w ithout any  
f u r th e r  pu r if ica t io n .
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Methane (Air P ro d u c ts  L t d . ,  c . p .  g r a d e ) ,  for u se  as a 
quench ing  gas in the  p roportional c o u n te r ,  was used  as supp lied  
(> 99% p u r e ) .
E thane and e thy lene  (Air P ro d u c ts  L td . c . p .  g rade )  w ere 
u se d  in the calibration of the gas ch rom a to g rap h y  system a f te r  
d eg ass in g  a t  liqu id  tem p era tu re  (-196°C ).
B u ta - 1 , 3-diene was u sed  in th e  h yd rogena t ion  experim en ts  
an d  b u t - l - e n e ,  t r a n s - b u t - 2-e n e ,  c i s - b u t - 2 -en e  and  n -b u te n e  which 
were u sed  for the  gas ch rom atog raphy  ca l ib ra t io n s ,  were ob ta ined  from 
B .D .H .  L td .  and found to contain no im purities  de tec tab le  by  gas 
ch rom a to g rap h y  and  were merely d e g a s s e d  befo re  u se .
C arbon  monoxide and 6 % v / v  h y d ro g e n  in n i t ro g e n ,  u sed  
in the  te m p era tu re  programm ed re d u c t io n  (TPR) experim en ts  were 
su p p lied  by B r i t ish  O xygen Co. ( B .O .C . )  an d  were found to conta in  
no im purities  de tectab le  by gas c h ro m a to g rap h ,  were u s e d  as su p p lie d .
[ 14 -C ]-E thy lene ,  1.06 mCi (T h e  Radiochemical C e n t re ,  
A mersham) with a specific ac t iv ity  of 5.8 mCi mmol  ^ was d ilu ted  with 
n o n -rad io a c t iv e  e thy lene  to give a c o u n t r a te  of about 3000 coun t min  ^
T o r r
[ 14-C ]-A cety lene , 500 pCi (T h e  Radiochemical C e n t re ,  
Amersham) with a specific ac t iv ity  of 1.08 mCi mmol  ^ was d ilu ted  with 
n o n -rad io a c t iv e  ace ty lene to give a coun t r a te  of about 3000 count min  ^
T o r r  ■*■.
[ 14 -C ]-C arbon  monoxide was p r e p a r e d  by  the  red u c t io n  of 
[ 1 4 -C ]-ca rb o n  dioxide (see  section 3 .3 ) ,  which was ob ta ined  as th e  
g a s ,  or was p r e p a re d  from barium [ 1 4 -C ] -c a rb o n a te , b o th  o b ta ined  from 
th e  Radiochemical C e n t re ,  Amersham.
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The p r e c u r s o r  [ 3 5 -S ] - N a 2S for th e  p re p a ra t io n  of [ S - 3 5 ] - H 2 S 
was su p p lie d  by Sigma Radiochemicals (see  section 3 .4 ) .
C a ta ly s ts
In o rd e r  to achieve a b e t te r  u n d e r s ta n d in g  of c a ta ly s ts  an d  
reac t io n s  occu rr ing  on them , the  Council of Europe C ata lysis  G roup 
(EUROCAT) des igned  a se r ie s  of c a ta ly s ts  to be u sed  as s ta n d a rd  
c a ta ly s ts  by the academic and  in d u s t r ia l  sc ien tific  communities. T h ese  
c a ta ly s ts  a re  c u r re n t ly  th e  sub jec t of a com prehensive  ch a ra c te r isa t io n  
a t v a r io u s  labo ra to r ie s  in E u rope ,  u s ing  a v a r ie ty  of m ethods.
A 6 % (w/w) Pt/SiC>2 c a ta ly s t  d e s ig n a te d  as  EUROPT-1 was 
p r e p a r e d  by  Johnson  M atthey Chemicals p ic .  6 kg  d ry  weight of 
Si0 2  (Sorbosil g rade  AQ U30 silica gel, su p p lie d  by C rossfie ld  Chem icals) 
was s t i r r e d  with 60 l i t re s  of 0.01M P tC N H ^ ^ C ^  solution until  th o ro u g h ly  
w e tted .  The s lu r ry  was ad ju s ted  to pH 8 .9  by  care fu l dropw ise 
add ition  of a basic re a g e n t  cons is ting  of 0.01M P tC N H ^ ^ C ^  and  0.1M 
P ^ N H ^ ^ O H ^ .  The s lu r ry  was m ain ta ined  a t  th is  pH for lh  by  
f u r th e r  addition  of the  basic  r e a g e n t .  T he  s lu r ry  was th e n  f i l te red  
an d  w ashed  with dem ineralised w ater to f re e  th e  silica from th e  ch lo ride  
ion an d  th en  d r ied  for I 6 h in a c i rc u la t in g -a i r  oven at 105°C. The 
re d u c t io n  of the  material was c a r r ie d  o u t  in a tu b e  fu rn ace  u n d e r  
flowing H2 a t  400°C for 0 .5h .  The p la tinum  con ten t  of the  ca ta ly s t  
was found  to be 6 .3  ± 0.1% by w eight u s ing  atomic ab so rp tio n  s p e c t ro ­
p h o tom etry  and  p ro ton  induced  X -ray  emission (177).
A 0.3% (w/w) P t / A ^ O ^ - 0 . 82% Cl c a ta ly s t  d e s ig n a ted  as 
EUROPT-3 was also p r e p a re d  an d  d i s t r i b u te d  b y  th e  Council of E u rope
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C ata ly s is  Group (EUROCAT) to the  p a r t ic ip a t in g  g ro u p s .  T h is  c a ta ly s t
is c u r r e n t ly  be ing  u sed  as a commercial in d u s t r ia l  ca ta ly s t  an d  coded
2 - 1as KETJEN-CK303 with a BET s u r fa c e  a re a  of 184 m g and  a p o re  
volume of 0.49 cm^ g  ^ (178).
A no ther  se r ies  of platinum c a ta ly s t s ,  s u p p o r te d  on silica 
(C a b -O -S i l ) ,  y-alum ina (D egusa L td . )  a n d  molybdenum tr iox ide  (Koch- 
L igh t L t d . )  of 99.9% p u r i t y ,  were p r e p a r e d  by  D r. G. McLellan,
Glasgow U n iv e rs i ty ,  by  adding the  aq u e o u s  solution of the  metal 
ch lo ride  (H^PtCl^) containing th e  r e q u i r e d  w eigh t of the metal, to an 
aq u eo u s  su spension  of the  s u p p o r t .  T he ex ce ss  w ater was e v a p o ra te d  
using  a ro ta ry  ev ap o ra to r  and  the  m ateria ls  were th e n  d r ied  in an  a ir  
oven at 150°C. T hese  ca ta ly s ts  were c h a ra c te r i s e d  as 0.8% (w /w ) 
P t/S iO ^ ,  0.8% (w /w ) P t /A ^ O ^ ,  an d  0.5% (w /w ) Pt/MoO^ and  were 
r e f e r r e d  to as im pregna ted  c a ta ly s ts  an d  w ere u sed  in th is  s tu d y  for 
com parison of the  r e s u l t s  ob ta ined  with th o se  o b ta ined  on th e  EUROPT- 
c a t a l y s t s .
3.6 T he  Experim ental P ro ced u re
In the  s tu d ie s  d iscu ssed  in th is  th e s i s ,  c a ta ly s ts  when 
employed for ad so rp tion  of [14 -C ]- labe lled  gases  or ace ty lene  h y d ro g e n ­
a t ion ,  were w eighed , p laced  in the  b o a t ,  s lu r r ie d  with 1^ 0 , s p re a d  
even ly  a t the  boat walls, and  were th en  d r ie d  u s ing  a ha ir  d r y e r .
A fte r  the ca ta ly s t  had  been  ev ac u a ted  b r ie f ly ,  th e  reac tion  vesse l was 
iso la ted  from the  vacuum system , h y d ro g e n  was in t ro d u c e d  to th e  
c a ta ly s t  with the  g lass  boat a t position ( 2 ) a t  a flow r a te  of 30 ml min  ^
an d  the  te m p e ra tu re  was then  ra is e d  g ra d u a l ly  to 250°C and  m ain ta ined
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at th is  value for 2h. The c a ta ly s t  was th e n  ev acu a ted  a t  250°C for 
30 min. and  cooled in vacuo to room te m p e ra tu re .  I t  was assum ed  
th a t ,  u n d e r  th e se  conditions ,  c a ta ly s ts  were almost free  from a d s o rb e d  
h y d ro g e n ,  as has  been  r e p o r te d  b y  Altham an d  Webb (43).
The adso rp tion  iso therm s w ere de term ined  by  adm itting  
ac c u ra te ly  known p r e s s u r e s  of th e  rad ioac tive  gas m easured , u s ing  th e  
p r e s s u r e  t r a n s d u c e r ,  to the  c a ta ly s t  sample in com partm ent (b )  of th e  
g lass  boat s i tu a te d  at position (1 ) .  A f te r  each aliquot had  been 
adm itted ,  an in te rv a l  of approx im ate ly  20  m inutes  was allowed for 
equ ilib ra t ion  to take  p lace . With th e  boat a t  position (1 ) ,  G eiger-  
Muller (GM.A) re c o rd e d  only th e  gas  p h a s e  rad io ac tiv i ty  and  G eiger-  
Muller (GM.B) re c o rd e d  the  gas p h ase  rad io a c t iv i ty  of a similar volume 
of gas to th a t  s en sed  by  (GM.A) p lu s  th e  rad io ac tiv i ty  aris ing  from th e  
material a d so rb ed  on the  ca ta ly s t  s u r fa c e .  H ence, the  amount of 
rad io ac tiv e  material ad so rb ed  on th e  su r fa c e  could be de term ined  by  
s u b t r a c t in g  the  coun ts  re c o rd e d  by  (GM.A) from those  re c o rd e d  by  
(G M .B), a f te r  each indiv idual co u n t r a te  had  b een  c o r re c te d  for d ead ­
time and  b a c k g ro u n d ,  as d e sc r ib e d  in section 3 .1 .1 .  2. This  p ro c e d u re  
was r e p e a te d  sev e ra l  times and  a plo t of the  ad so rp tio n  isotherm 
o b ta in e d .
B efore  each h y d ro g e n a t io n ,  a m ix ture  of ace ty lene and  
h y d ro g e n  was p r e p a re d  by  adm itting  an a c c u ra te ly  m easured  p r e s s u r e  
of ace ty lene  into the  mixing vesse l and  con d en s in g  it at liquid n i t ro g e n  
te m p e ra tu re  ( -1 % °C )  in the  cold f in g e r .  A known p r e s s u r e  of 
h y d ro g e n  was th e n  adm itted  un ti l  th e  r e q u i r e d  ra t io  of ace ty lene: 
h y d ro g e n  was ob ta ined .  The two g ases  w ere allowed to mix for at 
le a s t  one ho u r  before  u se .
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A cety lene h y d rogena t ion  reac tio n s  were c a r r ie d  out by  
in t ro d u c in g  50 T o r r  of the  reac tion  m ix ture  (3 :1 , h y d r o g e n :ace ty len e )  
into th e  reac tion  vesse l with th e  boa t con ta in ing  th e  ca ta ly s t  a t  position  
( 1 ) .  The reac tion  was followed by  monitoring th e  p r e s s u r e  fall u s ing  
the  p r e s s u r e  t r a n s d u c e r .  Samples from the  reac tion  m ixture were 
e x t r a c te d  in to  the  sample hand ling  u n it  (F igu re  16) with the  ta p s  in 
position (A) , an d  th en  in tro d u c e d  to th e  rad io -g a s  chrom atograph ic  
system  for ana ly s is  with the  ta p s  in position (B ) .  In a typ ical 
h y d ro g e n a t io n  reac tion  six samples were analyzed  d u r in g  the co u rse  of 
the  reac t io n .
When ca ta ly s ts  were u sed  for b u t a - 1 ,3-d iene h y d ro g e n a t io n ,  
th e y  w ere w eighed , p laced ins ide  the  reac tion  vesse l (F igu re  15) which 
was then  a t ta c h e d  via a 2mm s topcock  and  BIO joint to the  vacuum 
system . The vesse l was ev acu a ted  for ~ 20 min. be fo re  a p r e s s u r e  of 200 
T o r r  was in t ro d u c e d .  The reac tion  vesse l was then  iso la ted  from 
the  vacuum  system  via the  2 mm ta p s ,  s u r ro u n d e d  by an electric  
f u rn a c e ,  and  g radually  h ea ted  to 250°C. A fte r  2h the  ca ta ly s t  was 
e v a c u a te d  for 30 min. a t 250°C an d  th e n  cooled in vacuo to room 
te m p e ra tu re .
The reac tion  m ixture (3 :1 ,  b u t a - 1, 3 -d ie n e : h y d ro g e n )  was 
p r e p a r e d  b e fo re  each se r ie s  of h y d ro g en a t io n  ex p e r im en ts ,  by  adm itt ing  
a known p r e s s u r e  of the  b u ta d ien e  into th e  m ixture  v esse l ,  followed by  
h y d ro g e n  un ti l  th e  re q u ire d  ra t io  was ob ta ined .  T he  two gases  w ere 
allowed to mix for 2-3h before  u se .
B u ta -1 ,3 -d ie n e  h y d ro g en a t io n  reac tions  were perfo rm ed  by  
in t ro d u c in g  50 T o r r  of the  reac tion  m ix ture  (3 :1 ,  H ^ d ie n e )  into th e
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reac tion  vesse l an d  monitoring the  reac tion  p r e s s u r e  fall by  using  the  
p r e s s u r e  t r a n s d u c e r  (section  3 .1 .1 .4 ) .  Samples from the  reac tion  
p ro d u c ts  were e x t ra c te d  a t various  s ta g e s  of the  reac tion  and  analyzed  
by the  gas ch rom atog raph  (section 3 .2 ) .
In the  [3 5 -S ]-h y d ro g e n  su lph ide  poisoning exp er im en ts ,  
c a ta ly s ts  were p r e p a r e d  and  re d u c e d  as d e sc r ib e d  above. When [1 4 -C ]-  
h y d r o c a r b o n s , [ 14 -C ]-carbon  monoxide adso rp tion  or h y d ro g e n ­
ation experim en ts  were r e q u i r e d ,  an aliquot (0-5 T o r r )  of the  rad io -  
ac t ive-H ^S  was adm itted  into the  reac tion  vesse l (sec tion  3. 1 .1 .1 ) ,  
k e p t  in con tac t with the  ca ta lys t for 15 min, the  rad ioac tiv i ty  con ten t 
was c o u n ted ,  the  reac tion  vessel was th e n  ev acu a ted  for 15 min to 
remove any gas p h ase  and th re e  success ive  count r a t e s ,  which
r e p r e s e n t  the  s u lp h u r -u p ta k e  by  the  c a ta ly s t  (see section 4 .6 .1 . ) ,  
were r e c o rd e d .  The adso rp tion  or h y d ro g en a t io n  (C ^ 2 ^ 2)  exPe r imen^s 
w ere th en  perfo rm ed  in the  way d esc r ib e d  above.
Poisoning experim en ts  for b u t a - 1, 3-diene h y d rogena t ion  w ere 
c a r r ie d  out in a reac tion  vesse l similar to th a t  shown in F igu re  15.
A f te r  each  ca ta ly s t  had  been r e d u c e d  and  t r e a te d ,  as d e sc r ib e d  above ,  
it was su b jec ted  to a pu lse  of [ 3 5 - S J - H 2S. T he  reac tion  vessel was 
th e n  ev ac u a ted  for 15 min before th e  h y d ro g en a t io n  reac tion  was c a r r ie d  
out in the  m anner d esc r ib e d  above. T he amount of H^S ad so rb ed  on 
th e  ca ta ly s t  was de term ined  from the  p r e s s u r e  of f ^ S  adm itted  to th e  
reac tion  vesse l.
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3. 7 T em p era tu re  Programm ed Reduction  (TPR)
The basic idea of c h a ra c te r is in g  ca ta ly s t  m ateria ls  by  
m onitoring the  e x te n t  of the ir  redu c ib il i ty  was ad ap ted  from the  H^- 
chem isorp tion  experim en ts  of Benesi e t al. (175). McNicol and  c o -w o rk e rs  
(176) w ere the  f i r s t  to r e p o r t  the  developm ent of the  TPR te ch n iq u e .
The te c h n iq u e ,  as shown in F igu re  22, invo lves  the  use  of a s e r ie s  of 
valv ing  a r ran g em en ts  y ^  and  V^) which allows v a r io u s  gases
to be  d i re c te d  over the  sample, a therm al conduc tiv ity  de tection  system  
(D) to m easure th e  sample eff luen t gas composition, sample cell (C ) ,  
sample hea ting  fu ran ce  (F ) ,  l inear te m p era tu re  program m er (TP) which 
allows the  sample te m p e ra tu re  to be  ram ped  a t specified  a n d  ad ju s tab le  
r a t e ,  r e c o r d e r ,  t r a p s  (T^ filled with molecular s ieve , T   ^ cooled to 
-80°C ) using  d ry  ice/CHCl^ to remove red u c t io n  p ro d u c ts ,  and  mass 
sp ec tro m ete r  to d e tec t  the  deso rb ed  sp ec ie s .  Basically , th e  same 
a p p a ra tu s  can be u sed  for the te m p e ra tu re  program m ed d e s o rp t io n /  
ox idation  (TPD and  TPO) and  su rface  a rea  determ ination .
When the  system  was u sed  for TPR, the ca ta ly s t  sample was 
w eighed  and  con ta ined  in a fused  silica g lass  cell (C ) ,  positioned  ins ide  
the  fu rn a c e ,  and  f lu shed  with helium gas a t a flow r a te  of 30 ml min  ^
to remove the  physica lly  a d so rb ed  im purit ie s .  The gas flow over  the  
sample was then  ch an g ed  to 6 % with at position 1 an d  th e
flow ad ju s te d  to 30 ml min A fte r  allowing a sh o r t  p e r iod  ( typ ica lly  
20  m in .)  for the  d e tec to r  system  to s tab ilize ,  the  sample te m p e ra tu re  
was th en  ram ped a t a l inear ra te  of 10°C min 1 up to the  r e q u i r e d  
te m p e ra tu re  (up  to 500°C in th is  work) depend ing  on the  cell f a b r ic a t ­









R - M S
c = fu sed  silica cell
F = fu rn ace
TP = te m p era tu re  program m er
D = therm al conduc t iv i ty  d e tec to r
MS = mass spec trom ete r
R = re c o rd e r
V -V 1 3
= N upro  fine m etering valves
Va = N eg re tt i  zambra valve
V, ,V„b ’ 4
an d  V , Whitey 3-way ball va lves
--->--- deno tes  flow p assag e
- deno tes  o u tp u t  signal
F ig u re  22. Block diagram of the  TPR a p p a ra tu s .
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steel > 750°C) , and  the  h y d ro g en  con cen tra t io n  in the  e ff luen t gas 
s tream  reco rd ed  as a function of sample te m p e ra tu re .  At the  end  of a 
TPR experim en t the  ca ta ly s t  sample was cooled to th e  r e q u i re d  te m p e r ­
a tu re  (to  room tem pera tu re  in th is  w o rk ) .  A su b se q u e n t  t e m p e ra tu re -  
p rogram m ed desorp tion  (TPD) experim en t could th e n  be c a r r ie d  out 
by chang ing  th e  gas stream to helium (V^ a t  position  2 ) a t a flow r a te  
of 30 ml min A fter  allowing su ff ic ien t  time for the  de tec to r  b a se
line to become co n s tan t  ( ~ 15 m in u te s ) ,  th e  sample te m p era tu re  was 
then  ram ped a t a l inear  ra te  of 10°C min  ^ and  the  h y d ro g en  concen ­
tra t io n  in the effluent stream re c o rd e d  as a function of sample te m p er­
a tu re  .
When a carbon monoxide ad so rp tio n  was r e q u i re d ,  the  c a ta ly s t
was re d u c e d  in the  same manner as d e sc r ib e d  above , the  te m p e ra tu re
held  ~ 500°-600°C for 20 min with th e  gas s tream  sw itched to helium
3 -1(V^ at position 2) at flow r a te  of 30 cm min . The sample was th e n  
cooled to room tem pera tu re  and  th e  c a ta ly s t  was sub jec ted  to a s e r ie s  
of p u lse s  of CO. When the  c a ta ly s t  had  re a c h e d  a sa tu ra t io n  p o in t ,  
the amount of CO chem isorbed by  the  c a ta ly s t  could be ded u ced  by  
s u b t r a c t in g  the peak a reas  of the  CO re c o rd e d  for pu lses  o ve r  the  
c a ta ly s t  from those  of a s ta n d a rd  CO p u ls e ,  th a t  is ,  (P .A .  ( s t a n d a r d ) -  
P .A .  (sam p le )) .  From the amount of CO a d s o rb e d  on the  c a ta ly s t ,  
information re la ting  to the  c a ta ly s t  metal su rface  a rea  could be o b ta in e d .
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3. 8 The P rep a ra t io n  of C a ta ly s ts  for E lectron Microscopy
Samples of ca ta ly s ts  p r e -d e a c t iv a te d  by  h y d ro ca rb o n  
ad so rp t io n ,  hyd rogena tion  re a c t io n s ,  or carbon  monoxide ad so rp t io n  
w ere examined by  Transm ission  E lec tron  Microscopy (TEM) an d  
S canning  Electron Microscopy (SEM) to in v e s t ig a te  the  e ffec ts  of th e se  
p ro c e s s e s  on the  c a ta ly s t 's  morphology.
When c a ta ly s ts  were p ro b e d  by  TEM, the  microscope 
employed was a JEOL 1200 EX in s t ru m e n t ,  o p e ra ted  with an acc e le ra t in g  
voltage of 120 kV. C a ta lys t samples were g ro u n d  manually or th e
fines were u sed  d irec tly .  The fine m ateria ls  were then  ad d ed  to H^O
an d  m ounted onto s ta n d a rd  3 mm c o p p e r  g r id s ,  co v e re d  with ca rb o n  
films an d  then  f ired .
When the  ca ta ly s ts  were in v e s t ig a te d  by  SEM (model, Ph ilip s  
EM420) , they  were p r e p a re d  by  em bedding  the  samples in a m ethyl 
m e th ac ry la te -b u ty l  m e thacry la te  m ix tu re ,  followed by an u l t ra th in
sec tion ing  using  a diamond kn ife .  .
3. 9 The P rep ara t io n  of C a ta ly s ts  fo r  I n f r a r e d  In v es t ig a t io n s
C a ta ly s t  samples which were employed for th e  a d so rp t io n  of
[ 1 4 -C ]-h y d ro c a rb o n s  or [ 1 4 -C ]-ca rb o n  monoxide, or for h y d ro g e n a t io n
re a c t io n s ,  were examined by  F T IR - in f r a r e d  s p e c tro sc o p y ,  u s in g  a 
Nicolet 5-DXC in s tru m en t to id e n tify  th e  su rface  species  formed d u r in g  
the  a d so rp tio n s  or su rface  in te rac t io n s  an d  also to examine the  e f fe c ts  
of va r ious  trea tm en ts  on these  sp e c ie s ,  such  a s ,  hea t ing  or f lu sh in g  
with c a r r ie r  gases such  as He. T he  in s itu  I .R .  cell u sed  for th is  
p u rp o s e  is shown in F igure  23. T h is  cell con ta ined  a c a ta ly s t  w afer
|  ^  G a s e s ' "  j
Water
Window
Thermocouple W a fe r
F u r n a c e
IR
b e a m
F igu re  23. T he  in - s i t u  IR cell
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specimen ho lde r .  A N ichrome-wire fu rn a c e  su r ro u n d in g  th e  o u te r  body  
of th e  q u a r tz  cell was capable of h ea t in g  th e  wafer sample to 800°C.
The te m p e ra tu re  in the  I .R .  cell was m onito red  by  an e lectron ic  the rm o­
m eter (E lectron ics  L td .  - 1602 C r /A l)  coup led  to a chromel-alumel 
therm ocouple located in a thermowell close to th e  sample. Two KBr 
windows (25 x 4 mm B a r n s ) ,  sealed in s ta in le s s  steel r in g s  with A ra ld ite  
a d h e s iv e ,  were f i t ted  to the  two e n d s  of th e  I .R .  cell by  s ta in less  s tee l 
th re a d e d  jacke ts  and  s leeves  s u r ro u n d e d  by  a w ater coolant system to
p re v e n t  therm al shock  to th e  KBr windows. The cell could be pum ped  
-4to 10 T o r r  us ing  a vacuum line f i t te d  with a m ercury  diffusion pump 
b ack ed  with an oil r o ta ry  pum p. T he  c a ta ly s t  pow ders (~ 0 .05g) w ere 
p r e s s e d  in to wafer d iscs in air (~ 7 to n n es  p r e s s u r e ) .  T he  w afers  
were p laced  in the  I .R .  cell and a b o u t  500-1000 scans  were re c o rd e d .
T h is  was usually  followed by  I .R .  m easu rem en ts  of the sample a f te r  a
b r ie f  evacuation  ( ~ 10 m in u tes ) ,  f lu sh in g  with He (25 ml min ^) , or 
hea t ing  to an e leva ted  te m p e ra tu re .
When d irec t ad so rp tion  of ca rb o n  monoxide or h y d ro c a rb o n s  
was r e q u i r e d ,  a d iffuse  re f lec tance  co llecto r ( ty p e  DRIFT - S p e c t ra -  
Tech  In c . )  was u se d .  T he  des ign  of th e  collector employs 4 fla t an d  2 
a sp h er ic a l  r e f le c to r s ,  p lus  an alignm ent m irro r  (F igure  24). T he  
a s p h e r ic s  a re  o ff-ax is  ellipsoids which focus  and  collect in f r a re d  e n e rg y  
with a 6 x condensa tion  of the  beam. A typ ica l F T IR -sp ec tro p h o to m e te r  
beam has  from a 3 mm to 18 mm spo t size a t the  focus, so the  spo t size
with the  DRIFT cell will be betw een 0 .5 -3 .0  mm. The sample cup
(13 mm, i . d . )  could be rem oved ( fo r  em pty ing  an d  filling) from th e  top 
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F ig u re  24. D iffuse re f lec tance  IR cell (D R IFT S).
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was co n n ec ted  to a vacuum system f i t te d  with a se r ie s  of b u lb s  for 
hand ling  the  a d so rb a te  gases and  was capable of p ro d u c in g  a vacuum of 
~ 10- 4  T o r r  in the  collector. The ca ta ly s t  samples were h ea ted  to th e  
r e q u i r e d  te m p era tu re  by an in te rn a l  c a r t r id g e  h e a te r  (F ig u re  24), th e  
c u r r e n t  to th is  was contro lled  by  a Variac co n tro l le r ,  and  the  te m p era ­
tu r e  of the  ca ta ly s t  was m onitored with a chromel-alumel therm ocouple 
touch ing  the  c e n t re  of the  ca ta ly s t  cup .
T he p ro c e d u re  u sed  in th e  DRIFTS experim en ts  was as 
follows: a b a c k g ro u n d  sp ec tra  was a cq u ired  u s ing  KBr as a d iffuse
re f le c to r  in the  Nicolet 5-DXC spec tropho tom ete r  a t 4 cm 4 re so lu t io n .
A c a ta ly s t  sample was loaded in th e  cup of the  collector and  was r e d u c e d  
in flowing (30 ml min at 250°C for lh ,  ev ac u a ted  b r ie f ly  (~ 10 min) 
a t  th is  te m p era tu re  and  then  cooled to room te m p e ra tu re .  The c a ta ly s t  
was th en  p u lsed  with the r e q u i r e d  a d so rb a te  an d  a f te r  reco rd in g  th e  
I .R .  s p e c t r a ,  the  ca ta ly s t  was su b jec ted  to va r io u s  t re a tm e n ts ,  su ch  a s ,  
evacua tion ,  f lush ing  with He, or hea t ing  at e leva ted  te m p e ra tu re s .
3.10 R egenera tion  of the  C a ta ly s ts
When the  ca ta ly s ts  had  been u sed  for [ 14 -C ]-ace ty lene  or 
e thy lene  a d so rp t io n s ,  or for h yd rogena t ion  of ace ty lene  with h y d ro g e n ,  
it was found  possib le  to re g e n e ra te  them u n d e r  th e  following con d it io n s .  
Heating a t 300°C in flowing H2 (30 ml min *) for 2h, evacuation  a t  
300°C for 0 .5h ,  followed by  cooling to am bient te m p e ra tu re  in vacuo .
T h is  p ro c e d u re  was effic ient in rem oving ab o u t 95 ± 5% of the  c a rb o n a ­
ceous depos its  chem isorbed on th e  c a ta ly s ts .  H owever, with c a ta ly s ts  
po isoned with H 2 S, it was ho t found possib le  to remove all of the  s u lp h u r
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material us ing  the  above p ro c e d u re .  Only 18% could be rem oved , 
a l th o u g h  the  reg en e ra t io n  tem p era tu re  was in c re ased  to 350°C.
D uring  the  re g e n e ra t io n  of c a rb o n -d e a c t iv a te d  c a ta ly s ts ,  the  only 
h y d ro ca rb o n  p ro d u c t  de tec ted  in the  gas  phase  over th e  c a ta ly s t ,  was 
Y\ethane. However, because  of the  small quan t i t ie s  invo lved  a n d  the 
fact th a t  th is  was continuously  p ro d u c e d  u n d e r  a h y d ro g e n  s tream , 





THE ADSORPTIONS OF ACETYLENE, ETHYLENE AND 
CARBON MONOXIDE ON Pt CATALYSTS
4.1 ACETYLENE ADSORPTIONS
4 .1 .1  [ 14-C ]-A cety lene A dsorp tion  on F re sh ly  R educed  6 % P t /S iO  ^
(EUROPT-1) C a ta ly s t
A 0.054g sample of EUROPT-1 ca ta ly s t  which had  b een  re d u c e d  
was evacua ted  at 250°C for 0 .5h  and  allowed to cool in vacuo to room 
te m p e ra tu re .  A typical adso rp tion  isotherm  for [ 14 -C ]- labe lled  ace ty le n e  
on f r e s h ly  red u ce d  ca ta ly s t  is shown in F ig u re  25. The sh a p e  of the  
isotherm  consis ted  of a s te ep  p rim ary  n o n - l in ea r  reg ion  followed by  a 
l in ea r  secondary  reg ion .  In  the  form er re g io n ,  su rface  coun t r a te  ro se  
rap id ly  at low p re s s u r e s  below ca. 1 T o r r ,  w hereas  in th e  la t t e r  reg io n  it 
in c re a se d  with a g en t le r  s lope. The tu rn in g  point betw een th e  two 
reg io n s  was ob ta ined  by  ex trap o la t in g  the  l in ea r  seco n d a ry  reg io n  to zero  
p r e s s u r e .  The u p tak e  of [ 1 4 -C ]-ace ty lene  was con tinued  up to a gas 
p r e s s u r e  of about 5 T o r r ,  which was th e  maximum p r e s s u r e  u s e d .  T he  
am ount of ad so rb ed  [14C ]-acety lene rem oved from the  s u r fa c e  of th e  
c a ta ly s t  by  evacuation of the  reac tion  v esse l  for abou t 30 min. was fo u n d  
to be approxim ately  22.3 ± 1% of the  to tal ad so rb e d  spec ies .
R eadsorp tion  of [ 14-CJ-acetylene on the  same c a ta ly s t  sample 
a f te r  evacuation , showed no prim ary  reg ion  with much r e d u c e d  capac ity  
for [ 14-C ]-ace ty lene  adso rp tion  com pared to the  amount a d s o rb e d  on a
u!Wr Olx04Bd luno^














































































fre sh ly  re d u c e d  ca ta ly s t  (2nd  a d s o rp t io n ,  F ig u re  25).
4 .1 .1 .1  R eactiv ity  of [ 14 -C ]-A ce ty lene  Species A d so rb ed  in P rim ary
Region
In o rd e r  to in v e s t ig a te  the  id e n t i ty  of th e  ace ty len ic  spec ies  
a d so rb ed  in the  p rim ary  reg ion  an d  th e  e x te n t  of i ts  p a r t ic ip a t io n  in 
the  hyd rogena tion  re a c t io n s ,  0 .08g  EUROPT-1 ca ta ly s t  was r e d u c e d  a n d  
t r e a te d  in the  s ta n d a rd  m anner (s e e  section  3 .6 ) .  The [ 1 4 -C ] -a c e ty l ­
ene adso rp tion  was bu il t  up on th e  c a ta ly s t  to a po in t c o r re s p o n d in g  to 
the tu rn in g  point of th e  p r im ary  reg ion  (ca .  0.85 T o r r ) .  T he  gas 
phase  h y d ro ca rb o n  th a t  had  b een  in co n tac t  with th e  s u r fa c e  was th e n  
analyzed  by ra d io -g a s  c h ro m a to g ra p h y .  The pro files  of th e  an a ly s is  
showed a p ro d u c t  composition of 87.2 ± 0.5% ethy lene  an d  12.7 ± 0.4% 
e th a n e .
In an o th e r  e x p e r im en t ,  0.095g ca ta ly s t  was r e d u c e d  a n d  th e  
[ 14-C ]-ace ty lene  adso rp tion  co v er in g  th e  p rim ary  reg ion  was b u i l t  up 
as  d e sc r ib e d  above . A f te r  15 min, the  reac tion  vesse l was e v a c u a te d  
for 15 min an d  a p re -m ixed  sample of 12.5 T o r r  ace ty lene  a n d  37.5 
T o r r  h y d rogen  was in t ro d u c e d  to th e  reac tion  v esse l .  T he  r a d io ­
ac tiv ity  con ten t  of th e  a d s o rb e d  ace ty lene  was m onitored d u r in g  the  
c ou rse  of the  h y d ro g en a t io n  rea c t io n .  Severa l h y d ro g en a t io n  r e a c t io n s  
(5 reac tio n s)  were c a r r ie d  out on the  same c a ta ly s t ,  with the  h y d r o ­
carbon  p ro d u c ts  of each reac tion  be ing  ev acu a ted  for 2 0  min be tw een  
reac t io n s .  As shown in F ig u re  26a, d u r in g  the  co u rse  of h y d ro g e n a t io n ,  
the  su rface  count r a te  fell in two d is t in c t  s ta g e s .  F i r s t ,  th e  r a d io ­
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region was re a c h e d .  This  was then  followed by  a second  s tag e  which 
showed a more p ro n o u n ced  drop  in the su rface  ra d io a c t iv i ty  co n ten t .  
From th is  exp er im en t ,  a reasonab le  amount (ca. 6 8 %) of th e  acety len ic  
species a d so rb ed  in the  p rim ary  reg ion  was rem oved  from th e  ca ta ly s t  
su rface  d u ring  the  f i r s t  hyd ro g en a t io n  reac tion ,  p lu s  a f u r th e r  ca.
2 2 % was rem oved by  success ive  hyd ro g en a t io n s  with ca .  1 0 % of the 
ace ty lene being re ta in e d  by  the  ca ta ly s t  as a s t ro n g ly  bo u n d  spec ies .
4. 1 . 1 . 2 E ffec ts  of V arious T rea tm en ts  on A d so rb e d  [1 4 -C ]~
A cety lene Species
The e ffec ts  of va r ious  trea tm en ts  on th e  p r e - a d s o r b e d  [ 14—C ] — 
ace ty lene were in v e s t ig a ted  in o rd e r  to examine th e  r e a c t iv i ty  of the  
a d so rb ed  spec ies  u n d e r  similar conditions to those  p e r ta in in g  in 
ace ty lene h y d ro g e n a t io n .  On a 0.08g of f re sh ly  r e d u c e d  EUROPT-1 
ca ta ly s t  a [ 14-C] -ace ty len e  adsorp tion  isotherm  was bu il t  up  and 
var ious  t re a tm e n ts ,  as shown in F ig u re  26b, w ere c a r r ie d  o u t .  From 
th e se ,  it can be seen th a t  as a r e s u l t  of ev ac u a tio n ,  ca. 2 1 . 2 % of the  
a d so rb ed  [ 14~C]-acetylene was rem oved. A f u r th e r  ca . 32% was 
removable by a se r ie s  of h y d ro g en a t io n  reac tio n s  ( 6  reac tio n s )  us ing  a 
3:1, h y d ro g e n :a c e ty le n e  m ix tu re ; the  rem a in d er ,  ca . 47%, was s t ro n g ly  
bound  on th e  c a ta ly s t  s u r fa c e .  The amount rem oved  could not be 












































4 .1 .1 .3  A dsorp tion  of [ 14-C] -A cety lene  on S teady  S ta te  C a ta ly s ts
An inves t ig a t io n  was made of th e  b eh av io u r  of a d so rb e d  
[ 14-C ]-ace ty lene  on th e  su rface  of a c a ta ly s t  d eac t iv a ted  to a s tead y  
s ta te  by ace ty lene  h y d ro g en a t io n .  A sample of a 0.0947g c a ta ly s t  was 
re d u c e d  and  allowed to cool to ambient te m p e ra tu re  in v a c u o . A 
se r ie s  of 37 reac tio n s  of 3:1, h y d r o g e n : ace ty lene  were perfo rm ed  on 
the ca ta ly s t .  Before  each h y d rogena t ion  rea c t io n ,  th e  c a ta ly s t  was 
evacua ted  for 20-30 mins. to remove the  gas  p h ase  h y d ro c a rb o n  
p ro d u c ts  in the  reac tio n  vesse l.  The c a ta ly s t  ac t iv i ty  ( th e  f i r s t  o rd e r  
r a te  co n s tan t ,  K min F igu re  41) was d e te rm in ed .  F ig u re  25 shows 
th a t  the effect of ca ta ly s t  deac tivation by  0 2 ^ 2 ^ 2  d e c re a se d  the  e x te n t  
of the p rim ary  ad so rp tio n  region and the  capacity  of the  seco n d a ry  
region for [ 14 -C ]-ace ty lene  adso rp tion  was r e d u c e d  c o n s id e ra b ly ,  with 
only a very  s ligh t in c re a se  in the g ra d ie n t  of the  iso therm .
4 .1 .1 .4  C o-adso rp tion  of [ 14-C ]-A cety lene  and  -E th y len e
The effec t of the  p re sen ce  of e th y len e  on the  ad so rp tio n  of 
[ 14 -C ]-ace ty lene  and  vice v e rsa  was in v e s t ig a te d  in o r d e r  to gain some 
knowledge about the  e x te n t  of the  poss ib le  ex is ten ce  of the  th e rm o d y n a ­
mic facto r in the  h y d ro g en a t io n  of ace ty lene  on th is  c a ta ly s t .
A 0.10g sample of EUROPT-1 was r e d u c e d  an d  t r e a te d  as 
desc r ibed  in section 3.6 before  being cooled to am bient te m p e ra tu re .
A p r e s s u r e ,  ca. 5 T o r r ,  of n o n -rad io a c tiv e  e thy lene  was adm itted  to 
the  ca ta ly s t  and  le ft  to equ ilib ra te  for 10 min. T h is  was su b se q u e n t ly  
followed by the  adso rp tio n  of [ 14 -C ]-ace ty lene  on th e  c a ta ly s t  in the
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manner d esc r ib e d  in section  4 .1 .1 .  The adso rp tion  iso therm  ob ta ined  
is shown in F igu re  25. T he isotherm  showed a s ig n if ican tly  d if fe re n t  
shape  from th a t  o b ta ined  on the  f re s h  and  s tead y  s ta te  c a ta ly s ts .
When the  ca ta ly s t was ev ac u a ted  for 30 min, a su b s ta n t ia l  am ount, ca.
90%, of the ad so rb ed  spec ies  was rem oved , com pared with only ca. 2 1 % 
from the  fre sh ly  re d u c e d  c a ta ly s t .
When a liquots  of [ 14 -C ]-e thy lene  were in t ro d u c e d  to a f re sh ly  
re d u c e d  ca ta ly s t in th e  p re s e n c e  of ca. 5 T o rr  n o n - ra d io a c t iv e  ace ty le n e ,  
no adsorp tion  was o b s e rv e d  to take  p lace , a lthough  a p r e s s u r e  in excess  
of 8 T o rr  was u sed .
4 .1 .2  [ 14-C ]-A cety lene A dsorp tion  on F re sh ly  R ed u ce d  0.3% P t /A l -,0^
(EUROPT-3) C a ta ly s t
A 0.2682g sample of EUROPT-3 ca ta ly s t  was c leaned  with 
hy d ro g en  for 2h at 250°C, ev ac u a ted  at th is  te m p e ra tu re  for 0 .5h  and  
then  allowed to cool to am bient te m p era tu re  in vacuo . T he  adso rp tio n  
isotherm (F ig u re  27) was o b ta ined  by adm itting su ccess iv e  a l iquo ts  of 
[ 14-C] -ace ty lene  to th e  f re sh ly  re d u c e d  c a ta ly s t .  T he  iso therm  showed 
genera l b eh av io u r ,  similar to th a t  o b s e rv e d  in th e  a d so rp t io n  of 
ace ty lene  on the  EUROPT-1 c a ta ly s t .  T h is  showed a n o n - l in e a r  p r im ary  
reg ion  and  a l inear seco n d a ry  reg io n .  The e x te n t  of th e  ad so rp t io n  in 
the linear secondary  reg ion  con tinued  to in c rease  with in c re a s in g  
p r e s s u r e  b u t  no p la teau  was re a c h e d  even th o u g h  a gas  p r e s s u r e  in 
excess  of 4 T o rr  was u s e d .  However, in com parison with th e  a d s o r p t ­
ion isotherm  of ace ty lene  on EUROPT-1, th is  iso therm  show ed a less  
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region as the p r e s s u r e  was in c re a sed .
When the  c a ta ly s t  u sed  above was e v ac u a ted  for 30 min, ca.
7 3 % of the a d s o rb e d  ace ty lene  was rem oved. T h is  rem ovable [1 4 -C ]-  
ace ty lene could be r e s to r e d  by success ive  ad so rp tio n  and  evacuation  
cycles (ad so rp tio n s  2-4, F ig u re  27).
4. 1 .2 .1  Effects of V arious  T rea tm en ts  on A d so rb e d  [ 14 -C ]-A ce ty lene
To e s tab l ish  an u n d e rs ta n d in g  of the  n a tu r e  an d  id e n ti ty  of 
the acetylenic species  a d so rb e d  on EUROPT-3 c a ta ly s t ,  an a d so rp tio n  
isotherm of [ 1 4 -C ]-ace ty len e  was bu il t  up on 0.2682g of c a ta ly s t  which 
had  been red u ce d  and  t r e a te d  as d esc r ib e d  in section  3 .6 . T h is  was 
followed by a se r ie s  of t re a tm e n ts  which are  sum m arised in F ig u re  28. 
From these  r e s u l t s  it is in te re s t in g  to note  th a t  evacuation  of the  
ace ty lene p re -c o v e re d  s u r fa c e  for 30 min. r e s u l t e d  in a d ec re ase  in the  
su rface  count r a te  by 46.8%, whilst trea tm en t of the  c a ta ly s t  with 
for 45h re su l te d  in a to ta l removal of 13.6% com pared  with a value of 
7.6% which was rem oved as a r e s u l t  of 6 h y d ro g en a t io n  reac t io n s  of 
C^H^/H^. The am ount of th e  acetylenic  species held s t ro n g ly  on the  
ca ta ly s t  was ca. 33.4%.
4 .1 .2 .2  A dsorp tion  of [ 14-C ]-A cety lene  on a S tead y  S ta te  C a ta ly s t
A fte r  re d u c t io n  an d  trea tm en t of a sample of 0.2632g EUROPT- 
3 c a ta ly s t ,  as p rev io u s ly  d e sc r ib e d ,  the  ca ta ly s t  was " ru n - in "  to its  
s tead y  s ta te  by perfo rm ing  ten  reac tions  using  a ( 1 :3 ) ,  C-,H :H
u 2 2
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reaction to remove the  gas phase  h y d ro ca rb o n  p ro d u c t s .  The a d s o rp t  
ion of [ 14 -C ]-ace ty lene  was then  followed using  th e  d i re c t  monitoring 
tech n iq u e ,  as d e s c r ib e d  in section 4.12. F ig u re  27 shows an adso rp tion  
isotherm  for [ 14-C ] -ace ty len e  a d so rb e d  on a s te a d y  s ta te  c a ta ly s t .  I t  
can be seen th a t  th e  isotherm  showed almost no p r im ary  region with th e  
capacity  and  g ra d ie n t  of the  secondary  reg ion  b e ing  s ign if ican tly  
r e d u c e d .
4 .1 .3  [ 14-C] -A cety lene  A dsorp tion  on F re sh ly  R educed  0.5% P t /
MoO3> 0.8% P t/S iC ^ ,  and  0.8% P t /A l^Q3 ( Im p re g n a te d  C a ta ly s ts )
3. 7109g of Pt/M oOs , 2 . 0598g of P t/SiC >2 a n d  3.7109g of P t /A l 2C>3 
ca ta ly s ts  were r e d u c e d  u n d e r  flowing H2 (30 ml min a t  e i th e r  250°C 
(Pt/SiC>2 , P t /A l 2C>3) or 350°C (Pt/MoC>3) for 2h, ev ac u a ted  a t  th e se  
te m p era tu re s  for 0 .5h  and  then  cooled in vacuo to am bient te m p e ra tu re .  
The ad so rp tio n  of [ 14 -C ]-ace ty lene  on each of th e se  c a ta ly s ts  was th e n  
c a r r ie d  ou t.  As shown in F ig u re  29, with the  excep tio n  of the  P t /M o 0 3 
ca ta ly s t ,  the a d so rp tio n  of ace ty lene on the  P t /S iO ? an d  P t/A l- ,0 -
u u  J
ca ta ly s ts  o c c u r re d  in two s ta g e s ,  a n on -l inear  "p rim ary"  p ro cess  
followed by a l inear  "secondary"  p ro c e s s .  The e x te n t  of ace ty lene  
a dso rp tion  on Pt/MoC>3 showed a d is tinc tly  d i f fe re n t  b e h a v io u r .  I t  
showed a s teep  p r im ary  reg ion  followed by a n o n - l in e a r  secondary  reg ion  
with a sh a rp  slope which su b se q u e n tly  rose ra p id ly  as  th e  p r e s s u r e  was 
in c re a sed .  No p la teau  reg ion  was ob se rv ed  on th e se  c a ta ly s ts ,  a l th o u g h  
gas p r e s s u r e s  in excess  of 5 T o rr  were u sed .
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Table 1. E ffec ts  of evacuation and  molecular ex ch a n g e  on ace ty lene  
a d s o rb e d  on Pt ca ta ly s ts .
P rocedu re S u rface  c o u n t r a te  Total ch an g e  
( coun ts  min  ^) %
C ata lys t = 3.7109g Pt/MoO^
(a) b u ild -u p  of [ 14-C]acety lene 
adso rp tion  (gas  p r e s s u re  = 5 T o r r )
(b) evacuation  for 30 min.
(c) admission of 5 T o r r  [ 12-C]-C2H2/15h
C ata ly s t = 2.0598g Pt/S iO^
(a) b u i ld -u p  of [ 14-C ]-ace ty lene  
ad so rp tio n  (g as  p r e s s u re  = 4 . 5  T o rr )
(b) evacuation  for 30 min.







C ata ly s t  = 3.710g P t /A ^ O ^
(a) b u i ld -u p  of [ 14-C ]-ace ty lene
a dso rp tion  (gas  p r e s s u re  = 4 . 6  T o r r )  10300
(b) evacuation  for 30 min. 6488







4. 1 .3 .1  E ffects  of Evacuation and  Molecular E xchange  on [ 14-C ]-
A cety lene A dso rbed  Species
The ca ta ly s ts  which w ere u sed  in section 4 .1 .3  w ere u sed  h e re  
A fte r  the  b u i ld -u p  of a d so rb e d  [ 1 4 -C ] -a c e ty le n e , the  c a ta ly s ts  were 
ev acua ted  for 30 min. A p r e s s u r e  of 5 T o r r  of n o n -ra d io a c t iv e  
ace ty lene was then  in tro d u c e d  in to  the  reac tion  v esse l .  T he  s u r fa c e  
and  gas phase  rad ioac tiv it ies  were de te rm in ed .  Table  1 a n d  F ig u re  29 
show th a t  approxim ate ly  30-37% of the  a d s o rb e d  ace ty lene  was rem oved 
by evacuation  for 30 min, with a f u r th e r  8.7% on Pt/M oO^, 4% on P t /S iC ^  
and  5% on Pt/Al^O^ being  d isp laced  by  [ 1 2- C ] - C 2H 2 . I t  is also 
in te re s t in g  to note  th a t  a la rg e  f ra c t io n ,  65% on Pt/MoO^, 61% on P t / S i 0 2 
and  59% on Pt/Al^O^ of the  a d so rb e d  ace ty lene  was re ta in e d  by  the  
c a ta ly s t  as a s t ro n g ly  b ound  sp ec ie s .
4. 2 ETHYLENE ADSORPTIONS
4 .2 .1  [ 14 -C ]-E thy lene  A dsorp tion  on F re sh ly  R educed  6 % P t /S iO ^
(EUROPT-1) C a ta ly s t
The ad so rp tio n  of [ 1 4 -C ]-e th y len e  on 0.0752g of f re sh ly  
red u c e d  EUROPT-1 ca ta ly s t  was followed by  the  d i re c t  o b se rv a t io n  
te ch n iq u e .  A fte r  the  c a ta ly s t  had  b een  ac t iv a ted  in H2 fo r 2h a t 250°C 
and  cooled in vacuo to ambient te m p e ra tu re ,  small a l iquo ts  of the  labe lled  
ad so rb a te  were adm itted  to the  reac tion  vesse l and  the  su r fa c e  an d  gas  
phase  count r a te s  were de term ined  a f te r  each add i t ion .  A typ ica l 
isotherm (F ig u re  30) rev ea led  similar b eh av io u r  to th a t  o b s e rv e d  
p rev ious ly  (sec tions  4 .1 .1  and  4 .1 .2 ,  with ace ty lene) on th e  EUROPT















































c a ta ly s ts .  The isotherm had  prim ary  a n d  seco n d a ry  r e g io n s .  T he 
ex te n t  of the p rim ary  reg ion  showed less  ad so rp tio n  capacity  th a n  was 
found with [ 14-C] -ace ty lene  (abou t 1/4 of th a t  of a c e ty le n e ) .  T he  
secondary  region con tinued  to in c rease  l inearly  up to a gas  p r e s s u r e  of 
5 T o r r ,  which was the  maximum p r e s s u r e  s tu d ie d .
A fter  evacuation of the  reac tion  vesse l  for 30 min, ap p ro x im ­
ately 10.7% of the  su rface  rad io ac tiv ity  h ad  been rem oved. R e - a d s o r p t -  
ion of [ 14 -C ]-e thy lene  on the  ev ac u a ted  c a ta ly s t  showed an a d s o rp t io n  
of e thy lene  equ ivalen t to th e  amount rem oved as a re s u l t  of evacua tion  
(2nd and  3rd ad so rp tio n ,  F ig u re  30).
4. 2 .1 .1  Effects of V arious T rea tm en ts  on A d so rb e d  [ 14-C ] -E th y le n e
Species
The e ffec ts  of va r io u s  t re a tm e n ts ,  su ch  a s ,  evacua tion  an d  
molecular ex ch an g e ,  were in v e s t ig a te d  on a c a ta ly s t  with a p r e - a d s o r b e d  
e th y len e ,  in o rd e r  to g a th e r  information re g a rd in g  the  n a tu r e  of the  
ad so rb e d  species and  th e ir  b eh av io u r  d u r in g  the  ace ty lene  h y d ro g e n a t io n  
p ro c e s s .  A sample of 0.075g EUROPT-1 was r e d u c e d  an d  t r e a te d  in the  
s ta n d a rd  m anner d esc r ib e d  p re v io u s ly ,  th en  an ad so rp tio n  iso the rm  of 
[ 14 -C ]-e thy lene  was bu il t  u p ,  followed by  a cycle of ev ac u a tio n s  an d  
h y d ro g en a t io n s  of 3 : i : : H 2 : C 2H 2 (F igu re  31). T he  total am ount of the  
p r e -a d s o rb e d  e thy lene  removable by  evacuation  was ca. 19.7% w ith  a 
la rg e p ro p o r t io n ,  ca. 61.7%, removed by the  h y d ro g en a t io n  of C 2H 2^H 2 
on the  ca ta ly s t .  From th e s e ,  a value of 18.8% was ca lcu la ted  for th e  
amount of the  initially a d s o rb e d  m ateria l,  which was r e ta in e d  on the  
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When a sample of f re sh ly  re d u c e d  EUROPT-1 c a ta ly s t  was 
p re -c o v e re d  with carbon  monoxide, followed by  th e  adm ission of [14 C] 
e thy lene ,  no adso rp tion  of [ 1 4 -C ]-e thy lene  was o b s e rv e d ,  a l th o u g h  a 
gas p r e s s u re  in excess  of 5 T o r r  was u sed .
4. 2 .1 . 2 [14 -C ]-E th y len e  A dsorp tion  on a S teady  S ta te  C a ta ly s t
0.097g of EUROPT-1 was ac t iva ted  by h y d ro g e n  an d  a num ber 
of acetylene h yd rogena t ion  reac tio n s  (39 reac t io n s )  were c a r r i e d  out to 
b r ing  the ca ta ly s t to i ts  s te a d y  s ta te .  A [ 1 4 -C ]-e th y len e  ad so rp t io n  
isotherm was then  b u i l t -u p  (F igu re  30). I t  was found  th a t  th e  p r im ary  
adsorp tion  region almost d is a p p e a re d ,  with the  u p ta k e  cap ac ity  of 
e thy lene in the  seco n d ary  reg ion  being su b s tan tia l ly  s u p p r e s s e d  
compared with the amount a d so rb e d  on a f re sh ly  re d u c e d  c a ta ly s t .
4 .2 .2  [ 14 -C ]-E thy lene  A dsorp tion  on a F re sh ly  R ed u ced  0.3%
P t/A l . ,0 ,  (EUROPT-3) C ata lys t
The ad so rp tio n  of [ 1 4 -C ]-e thy lene  on a f re s h ly  r e d u c e d  
EUROPT-3 ca ta ly s t  was in v e s t ig a te d  to look a t  the  scope of i t s  a d s o r p ­
tion, to compare it with e thy lene  adsorp tion  on P t / S i 0 2 (EU R O PT -1), 
and to gain some in s ig h t  in to  the  behav iou r  of th is  a d s o rb a te  d u r in g  
the hyd rogena tion  of ace ty lene  on the  EUROPT-3 c a ta ly s t .
A sample of the  c a ta ly s t  (0.2397g) was re d u c e d  in H 2 a t 
250°C for 2h , ev ac u a ted  for 30 min at 250°C, and  th en  le ft  to cool in 
vacuo at ambient te m p e ra tu re .  Successive  p u lse s  of [ 1 4 -C ]-e th y le n e  
were allowed to e x p an d  into th e  reac tion  v esse l  and  th e  s u r fa c e  ra d io -
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activ ity  was m easured  a f te r  each p u lse ,  as d esc r ib ed  in section 4 .1 .1 .  
The adso rp tion  iso therm  (F ig u re  32), showed a shape d if fe re n t  from 
those  o b se rv ed  with ace ty lene  and  e thy lene  on EUROPT-1 and  of 
ace ty lene on EUROPT-3 in the  sense  th a t  it showed almost no p rim ary  
reg ion .  However, as f u r th e r  gas was adm itted to the  reac tion  vesse l,  
a s teady  increase  in the  su rface  count ra te  was o b se rv e d .  This  
behav iour  was con tinued  up to a p r e s s u re  of 7 T o r r ,  which was the  
maximum p re s s u re  s tu d ie d .
When a liquo ts  of [ 14 -C ]-e thy lene  were in t ro d u c e d  to a sample 
of 2.74g fresh ly  r e d u c e d  c a ta ly s t  in the p re sen ce  of ca. 5 T o r r  n o n ­
rad ioac tive  ace ty lene ,  no ad so rp tio n  was ob se rv ed  to take  place , 
a l though  a gas p r e s s u r e  in excess  of 10 T o rr  was u sed .
4 .2 .2 .1  Effects  of V arious T rea tm en ts  on A dsorbed  Species
The e ffec ts  of va r io u s  trea tm en ts  on the  p r e - a d s o r b e d  [ 14— C ] — 
e thy lene  were in v e s t ig a te d  in an attem pt to gain some knowledge about 
the  reac tiv i ty  of th e se  a d so rb ed  sp ec ie s ,  th e ir  role in condition ing  the  
ca ta ly s t  su rface ,  and  the  possib le  partic ipa tion  of th e se  species in 
C^H^/H^ hydrogenation  u n d e r  similar conditions.
0.2397g of EUROPT-3 ca ta ly s t  was re d u c e d  in and  t re a te d  
as  in the normal p ro c e d u re .  A [ 14 -C ]-e thy lene  ad so rp t io n  iso therm  
was then b u i l t -u p .  As the  r e s u l t s  p re se n te d  in F ig u re  33 show, 
evacuation of th e  ca ta ly s t  for 30 min removed 31% of the  [1 4 -C ]-  
e thy lene  adso rbed  spec ies.  When a total s ta tic  p r e s s u r e  of 200 T o r r  
H2 was left in con tac t with th e  ca ta ly s t  for 87h, abou t 15% of the  
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species  was d isp laced  by 25 T o rr  [ lZ -C j - C ^ H ^  with a f u r th e r  7% being 
rem oved as a r e s u l t  of four hyd rogena tion  reac tio n s  of C^H^/H^.
The amount r e ta in e d  on the  ca ta ly s t was ca lcu la ted  to be approxim ately 
28%.
4 .2 .2 .2  A dso rp tion  of [ 14-C ]-E thy lene  on S teady S tate  C ata lys ts
The e ffec t of ca ta ly s t  deac tiva tion  by C ^ 2 ^ 2  on 
a d so rp t iv e  ability  for [ 14 -C ]-e thy lene  was also s tu d ie d .  A 0.2397g 
sample of EUROPT-3 ca ta ly s t  was re d u c e d  and  t r e a te d  as above.
Twelve ace ty lene h yd rogena t ion  reac tions  (3: 1 "  C 2 H2 ) were ca rr ied
out on the c a ta ly s t ,  which was ev acu a ted  a f te r  each reac tion  to remove 
the  gaseous h y d ro c a rb o n  p ro d u c ts  from the  reac tion  vesse l.
S u b se q u e n tly ,  an adso rp tion  isotherm of [1 4 -C ]-  e thy lene  was d e te r ­
mined. The adso rp tio n  isotherm (F igu re  32) showed no prim ary  
adso rp tion  reg ion  with a s ligh t positive  g rad ie n t  of the  secondary  reg io n .  
The total amount of [ 14 -C ]-e thy lene  a d so rb ed  on the  deac tiva ted  
ca ta ly s t  was 50% less  than  th a t  ad so rb e d  on a f re sh ly  red u c e d  ca ta ly s t .
4. 3 CARBON MONOXIDE ADSORPTIONS
4 .3 .1  [ 1 4 -C ]-C arbon  Monoxide A dsorp tion  on F re sh ly  R educed  6 %
P t /S i P 3 (EUROPT-1) C a ta lys t
The a d so rp tio n  of [ 14 -C ]-carbon  monoxide was examined for 
0.0522g of EUROPT-1 ca ta ly s t  which was r e d u c e d  in a stream  of 
h y d ro g en  (30 ml min for 2h at 250°C, then  ev acu a ted  for 0.5h at 
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a tu re  and  the  [14-C]-CO  adsorp tion  isotherm was de term ined . A 
typical [ 14 -C ]-carbon  monoxide adsorp tion  isotherm is shown in F igure  
34. The shape  of the  isotherm  was s ignificantly  d if fe re n t  from those 
o b s e rv e d  with [14 -C ]-ace ty lene  and [ 14 -C ]-e thy lene  on EUROPT and 
the  p la tinum -im pregna ted  c a ta ly s ts .  I t  was also s u rp r is in g ly  unlike 
the  ex p ec ted  L an g m u ir- ty p e  CO behav iour o b se rv e d  on su p p o r te d  
rhodium , irid ium , palladium and  nickel c a ta ly s ts  ( 55, 58). The surface  
count ra te  rose  sh a rp ly  with inc reas ing  gas p r e s s u r e  until  a tu rn in g  
point was a t ta in e d ,  which was then  followed by a l inear b u ild -up  in the  
su rface  rad io ac tiv ity .  T h is  was s u b se q u en tly  followed by a g rea te r  
positive  g rad ien t  of a second linear reg ion . No p la teau  reg ion  was 
o b se rv e d  up to the 6 T o r r  limit s tu d ie d .
The ca ta ly s t  was evacua ted  at room te m p era tu re  for 30 min to 
determ ine the amount of [ 14 -C ]-carbon  monoxide which could be 
removed by  evacuation . As a re s u l t  of evacua tion , only 2.5% of the 
p re - a d s o rb e d  [ 14 -C ]-carbon  monoxide was rem oved. R e-adso rp tion  of 
CO on the  ev acu a ted  c a ta ly s t  showed th a t  [14-C]-CO  adsorp tion  
con tinued  to take  place with a s ligh t positive  g rad ie n t  as the  p re s s u re  
was in c re a sed  (2nd  ad so rp tio n ,  F igure  34).
When a liquots  of [ 14 -C ]-e thy lene  were adm itted  to the reaction 
vessel conta in ing  a 0.0593g sample of EUROPT-1 p re -c o v e re d  with CO, 
no adso rp tion  was o b s e rv e d ,  a lthough  a gas p r e s s u r e  in excess  of 5 
T o r r  was u se d .  However, when [ 14 -C ]-carbon  monoxide adsorp tion  
was s tu d ie d  over a [ 14 -C ]-e thy lene  p re -c o v e re d  su r fa c e ,  the  adsorp tion  
took place and the isotherm  had the same shape  as th a t  ob ta ined  on a 
f re sh ly  re d u c e d  ca ta ly s t .
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4 .3 .1 .1  Effects of Various T rea tm en ts  on CO A dso rbed  Species
The p re -a d s o rb e d  [ 14-C ]-carbon  monoxide was sub jec ted  to 
va r ious  trea tm e n ts ,  such  a s ,  evacuation , a m ixture  an d  n o n ­
rad ioac tive  carbon  monoxide, to examine the e x te n t  of removal and  
displacem ent of the  p r e -a d s o rb e d  species.
0.0522g of ca ta ly s t  was red u ce d  and  ac t iva ted  in the  s ta n d a rd  
m anner .  A [14-C]-CO  adso rp tion  isotherm was b u i l t -u p  on the  f re sh ly  
re d u c e d  ca ta ly s t ,  which was then  sub jec ted  to cycles of evacuation  and  
ace ty lene  hydrogenation  reac tio n s .  The re su l t s  of these  experim en ts  
(F igu re  35) showed th a t  d u r in g  ca ta ly s t evacuation , a total of 5% of the  
CO species was rem oved, whilst 13.3% was disp laced  by C^H^/H^ 
reac tions  on the  ca ta ly s t .
In ano the r  experim en t,  0.150g of ca ta ly s t  was re d u c e d  and  
p re -c o v e re d  with [14-C ]-C O . A 5 T o rr  non-labe lled  CO was then  
adm itted  to the reaction  vesse l and  allowed to remain in con tac t with 
the  ca ta ly s t  for 15h. A fte r  a b r ie f  evacuation of the  c a ta ly s t ,  the  
su rface  count ra te  d ec re ase d  from 3062 cpm to 1141 cpm, co r re sp o n d in g  
to a removal of 62.7% of the  ad so rb ed  carbon  monoxide.
4 .3 .1 .2  A dsorp tion  of [ 14 -C ]-C arbon  Monoxide on S teady S ta te
C ata ly s ts
A 0.0522g EUROPT-1 ca ta ly s t was re d u c e d  and t r e a te d  
accord ing  to the  s ta n d a rd  p ro c e d u re .  A p re -m ixed  sample of 12.5 
T o r r  £>2^2 anc* ^ ^ o r r  ^ 2  WaS “P ro d u c e d  to reac tion  vesse l .
T h is  p ro cess  was re p e a te d  seve ra l  times until a s teady  s ta te  c o n s ta n t  
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(F ig u re  34) which showed th a t  on a ca ta ly s t in the  s te a d y  s ta te ,  carbon  
monoxide adsorp tion  took place with the adsorp tion  iso therm  similar in 
shape  to tha t ob ta ined  using  a clean ca ta ly s t ,  excep t th a t  th e  amount of 
[14-C]-CO  ad so rb ed  was su b s tan tia l ly  red u ce d .
4 .3 .2  Carbon Monoxide A dsorp tion  on F resh ly  R educed  0.3%
Pt/A12Q3 (EUROPT-3) C a ta ly s t
The adso rp tion  of [ 14-C] -ca rb o n  monoxide on f re sh ly  re d u c e d  
EUROPT-3 was in v e s t ig a te d  using  a 0.2763g sample of c a ta ly s t .  A fter  
r ed u c t io n  at 250°C for 0 .5h ,  evacuation  at 250°C for 0 .5h  an d  cooling 
in v a c u o , the ca ta ly s t  was pu lsed  with successive  a l iquo ts  of [14-C]-CO  
and  the  adsorp tion  isotherm  was de term ined . The a d so rp t io n  isotherm  
(F igu re  36) showed a d if fe re n t  shape  from th a t  for th e  CO adso rp tio n  
on EUROPT-1 and  was similar "in general"  behav iour to th a t  found for 
the adsorp tion  of [ 14-C] -labe lled  h y d ro ca rb o n s  on EUROPT-1 and  
EUROPT-3 ca ta ly s ts .  I t  showed two d is tinc t reg io n s ,  a s teep  p rim ary  
reg ion  followed by  a secondary  re g io n ,  which showed a s ligh t positive 
g rad ie n t  as the  gas p r e s s u r e  was in c re a se d .  Similar b eh av io u r  has 
been  o bse rved  with carbon  monoxide adso rp tion  on par t ia l ly  oxid ised  
copper  su rfaces  (96 ,97 ) .
The ca ta ly s t  was ev acua ted  for 30 min to de term ine  the  
q u an t i ty  of [14-C]-CO  which could be removed by evacua tion . The 
r e s u l t s  (F igure  36) showed th a t  abou t 23% of the  a d s o rb e d  CO was 
rem oved. This removable am ount, how ever, could be r e s to r e d  by the  
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In an o th e r  experim en t,  0.30g of EUROPT-3 ca ta ly s t  was 
calcined in air a t  500°C for 18h and  was then  red u ce d  in flowing 
(30 ml min a t 400°C for 4h, followed by evacuation a t  400°C for 0 .5h  
and  the  ca ta lys t was th en  cooled down to room tem p era tu re  iri v a c u o . 
F ig u re  36 shows th e  adso rp tion  isotherm obta ined  by adm itting  s u c c e s s ­
ive a liquots  of [14-C ]-C O  to th is  calcined and  red u ce d  ca ta ly s t .  I t  
showed a d ras tica lly  d if fe re n t  shape from th a t  ob se rv ed  with f resh ly  
re d u c e d  uncalcined c a ta ly s t ,  in th a t ,  a f te r  the  tu rn in g  poin t of the 
p r im ary  p ro c e s s ,  th e  CO up tak e  in c re a sed  rem arkab ly  as the  p r e s s u re  
was in c re ased  (up  to ~ 6 T o r r ) .  I t  is also noticeable from F igu re  36 
th a t  th e  ad so rp tiv e  capac ity  for carbon monoxide in the p rim ary  region 
was approxim ately  o n e - th i rd  of th a t  found on the uncalc ined  ca ta ly s t .  
Evacuation  of the  c a ta ly s t  for 30 min removed about 90% of the  ad so rb ed  
s p e c ie s .
4. 3.2.. 1 Effects  of V arious  T rea tm en ts  on A dso rbed  CO Species
A 0.2763g sample of EUROPT-3 ca ta ly s t was red u c e d  and  
co v ered  with p u lse s  of [14 -C ]-C O , su ff ic ien t to build  up an adso rp tion  
isotherm  similar to th a t  ob ta ined  on a f re sh ly  red u ce d  c a ta ly s t .
F ig u re  37 p r e s e n ts  th e  r e s u l t s  of va r ious  trea tm en ts  perfo rm ed  on th is  
[14-C ]-C O  p re -c o v e re d  su r fa c e .  From th is  it can be seen th a t  23.1% 
of the  ad so rb ed  spec ies  were removed by  a 30 min evacua tion , with a 
f u r th e r  2 % being rem oved  when the  ca ta ly s t  was t re a te d  with e i the r  
or C^H^/H-,- H ow ever, covering  th e  c a ta ly s t  with 100 T o r r  alone
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of [14-C ]-C O  re ta in e d  perm anen tly  on the ca ta ly s t was ca. 47.3% of th a t  
initially a d s o rb e d .
A f ra c t io n ,  ca .  24%, of the p re -a d so rb e d  [14-C]-CO  could be 
exchanged  w ith n o n -labe lled  CO.
4 . 3 . 2 .2 [ 14~C] -C arb o n  Monoxide Adsorption on S teady S tate  C ata lys ts
0.5432g of EUROPT-3 ca ta lys t was red u c e d  an d  t re a te d  by 
the s ta n d a r d  p ro c e d u re .  Sufficient acetylene h y d ro g en a t io n  reac tions  
were c a r r ie d  o u t to re a c h  a s teady  s tate  cons tan t ac t iv i ty .  A [14 -C ]-  
carbon monoxide isotherm was b u i l t -u p .  As can be seen from compari­
son of th is  ad so rp t io n  isotherm  with th a t  ob ta ined with a fresh ly  
red u ced  c a ta ly s t  (F ig u re  36), it was of a similar shape  to th a t  found 
with the  f r e s h ly  r e d u c e d  ca ta ly s t ,  a lthough the amount of adso rp tion  on 
a s tead y  s ta te  ca ta ly s t  was substan tia lly  less .
4 .3 .3  [ 14-C ] -C arb o n  Monoxide A dsorption on F re sh ly  Reduced  0.8%
P t / S i P 2 , 0.8% P t /A l 3C>3, and  0.5% Pt/M oO, C a ta ly s ts
0.6281g P t / S i 0 2 , P t /A ^ O ^ ,  and Pt/MoC>3 were red u ce d  and  
t r e a te d ,  as d e sc r ib e d  in section 3.6. F igure  38 shows the  adsorp tion  
isotherm s o b ta in ed  by  in t ro d u c in g  successive a liquo ts  of [14-C]-CO  to 
the f re s h ly  re d u c e d  ca ta ly s t  samples. The sh ap es  of the  carbon 
monoxide iso the rm s  on P t / S i 0 2 and  P t /A l20 3 a re  of a similar form to 
those o b s e rv e d  with th e  EUROPT-1 ca ta lys t.  T hey  showed a p rim ary  
adso rp tion  reg ion  followed by a secondary  reg ion  which d isp layed  a 
p ro g re s s iv e ly  in c re a s in g  CO u p ta k e  as the gas p r e s s u r e  was in c re a sed .
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No p la teau  reg ion  was o b se rv ed  up to a p r e s s u re  of 5 T o r r .  The 
adsorp tion  of [14-C ]-C O  on Pt/MoO^ showed the expec ted  beh av io u r ,  
in th a t  the  s u r fa c e  coun t ra te  inc reased  slowly as the  p r e s s u re  was 
inc reased  un ti l  a p la te a u  was reached .  The shape of the  isotherm 
s u g g e s ts  th a t  c a rb o n  monoxide adsorp tion  reaches  a sa tu ra tion  level 
which confirms th e  completion of a monolayer of ad so rb ed  species 
(L angm uir- type  a d s o rp t io n ) .
T he  c a ta ly s ts  were evacuated  for 30 min to determ ine the  
amount of [ 1 4 -C ]-ca rb o n  monoxide which could be removed by e v a c u a t­
ion. A fte r  evacua tion  the  su rface  count r a te s  were dec reased  to a 
point co r re sp o n d in g  to a removal of 47.4% (P t/S iO ^ ) ,  26.4% (P t/A l^O ^), 
and  6 8 % (Pt/M oO^) of th e  adso rbed  [14-C]-CO . S u b seq u en t trea tm en t 
of th e se  c a ta ly s ts  with 5 T o rr  of non-rad ioac tive  carbon monoxide for 
15h disp laced  ~ 1% (Pt/MoC>3) ,  90% (Pt/SiC>2), and  84% ( P t / A l ^ )  of 
the species  which could  no t be removed by evacuation .
Ill
CHAPTER FIVE
THE REACTION OF ACETYLENE WITH HYDROGEN OVER 6 %
P t/S iO -, (EUROPT-1) CATALYSTS
5.1 DEACTIVATION CURVES
The reac tion  of 12.5 T o rr  of acetylene with 37.5 T o r r  of 
h y d ro g en  was s tu d ie d  using  0.095g of th e  ca ta ly s t .  Reactions 
were c a r r ie d  ou t by  admitting a sample of p re-m ixed  gases into the  
reac tion  v esse l  con ta in ing  the  f re sh ly  re d u c e d  ca ta lys t (see section 3 .6) 
at room te m p e ra tu re .  T he  p ro g re s s  of the  hydrogenation  reac tion  was 
monitored by  m easuring  th e  fall in the  total p r e s s u re  using  a p r e s s u r e  
t r a n s d u c e r  (sec tion  3 .1 .1 .4 ) .  F igu re  39 shows a typical p r e s s u r e  fall 
aga in s t time c u rv e s .  From th is  it  can be  seen th a t  th e  reac tion  took 
place in two recogn izab le  s tag es .  A nalysis of the reac tion  p ro d u c ts  by 
gas c h ro m a to g rap h y  d u r in g  the course  of the  hydrogenation  revea led  
th a t  in th e  f i r s t  s ta g e ,  e thane and  e thy lene  were p ro d u ced .  The 
second s tag e  was accompanied with an acceleration to the  reac tion  r a te .  
The acce lera tion  po in t denoted as ( -A P a ) ,  was obta ined by e x tra p o la t in g  
the  f i r s t  and  second  s tag es  of the  reac tion  and was found to occu r  at 
a p r e s s u r e  fall of 21.9 ± 0.1 T o r r .  A fter  th e  commencement of the  
second s ta g e ,  th e  major p rocess  o cc u rr in g  was the  f u r th e r  h y d ro g e n a t ­
ion of e th y len e  to e th an e .  At the  la te r  s ta g e s  of the  reac tio n ,  t r a c e r s  
of C4-h y d ro c a rb o n s  ( iden tif ied  as b u ta n e )  were also o b se rv e d .  T he  



















































































































































































































total p r e s s u r e .  P lo ts  of Jin (P Q + AP) aga inst time (F igure  40) were 
found to be  s t r a i g h t  lines and  from the  g rad ien ts  of th e se ,  the va lues  
of the  f i r s t - o r d e r  r a te  cons tan ts  (K min"1) were calculated.
T h e  c a ta ly s ts  could be deac tiva ted  by perform ing a se r ies  
(> 10  r e a c t io n s )  of acety lene hyd rogena t ions  at room tem pera tu re  u s ing  
a 3: 1* • ^ 2 ^ 2  m x^ ^u r e * F igure  41 shows th a t  the  ra te  of the  h y d ro ­
genation as  d e te rm in ed  from th e  linear  p a r t  of the f i r s t -o rd e r  p lo ts ,  
dec reased  w ith su ccess iv e  reac tions until  a s teady  s ta te  ac tiv ity  was 
a t ta ined .  From F ig u re  41, it can also be seen th a t  du r ing  the ea r ly  
s tages  of th e  deac tiva tion  p ro cess ,  the  activ ity  could be partia lly  
r e s to re d  w hen th e  ca ta ly s t was k ep t  in contact with 100 T o rr  for 
15h.
When a f re sh ly  red u ced  EUROPT-1 ca ta lyst was k ep t in 
contact w ith ~ 10 T o r r  acetylene or e thy lene  for 12-15h and then  u sed  
for ace ty lene  h y d ro g en a t io n ,  the  reac tion  r a te s  were v e ry  similar to 
those p ro d u c e d  w ith  a f resh ly  re d u c e d  ca ta ly s t u n d e r  comparable 
co n d i t io n s .
5.2 PRODUCT DISTRIBUTION ON FRESHLY REDUCED AND STEADY 
STATE CATALYSTS
0.095g of EUROPT-1 ca ta ly s t  was ac tivated  and t r e a te d  u n d e r  
s ta n d a rd  con d it io n s .  A p re-m ixed  m ixture of was th en
in tro d u ced  to th e  ca ta ly s t .  The p ro g re s s  of the reaction was m onitored 
by the  p r e s s u r e  t r a n s d u c e r  and samples of th e  reaction p ro d u c ts  were 
e x t ra c te d  an d  an a ly sed  by gas ch rom atography  (section 3.2) to follow 
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typical t r a c e  of the  p ro d u c t  d is tr ibu tion  cu rv es  of acetylene h y d ro g e n ­
ation on a f r e s h ly  re d u c e d  ca ta ly s t .  The pe rcen tag e  conversion was 
calculated from th e  gas chrom atography  analysis  profiles as the num ber 
of moles of h y d ro g e n  consumed p e r  mole of hyd rocarbon  p r e s e n t  in th e  
reaction m ix tu re .  A cco rd ing ly ,  the  formation of a mole of e thane  
re q u ire s  two moles of h y d ro g en  and  the formation of a mole of e thy lene  
req u ire s  one mole of h y d ro g e n ,  th e re fo re ,
( 2  x e thane  yield) + ( 1  x e thylene yield) 
co n v ers io n  = —----------------------------------------------------------------
total yield of hyd ro ca rb o n s
The r e s u l t s  in F ig u re  42 show th a t ,  at conversions lower than  100%, 
the p ro d u c t io n  of e thane  and  e thy lene  inc reased  linearly  with % co n v e r ­
sion with th e  ra t io  of the  former to the la t te r  being approxim ately 2 . 
However, a f te r  100% convers ion  and  as the  par tia l  p r e s s u re  of ace ty lene 
diminished to w ard s  zero , the  e thy lene  yield decreased  with a sim ultane­
ous in c re a s e  in th e  e thane  y ie ld . A cetylene hydrogenation  con tinued  to 
take p lace up  to th e  2 0 0 % convers ion .
T he  var ia tion  in se lec tiv ity  with inc reas ing  p e rce n tag e  c o n v e r ­
sion for ace ty len e  h y d rogena t ion  on EUROPT-1 is also shown in F igu re  
42. T he  se lec tiv i ty  (S) for e thy lene  p ro d u c tio n ,  which is defined a s ,
,. Pc*
P c 2H4 + ? C 2H6
where P and  P~ „  r e p r e s e n t  the  par t ia l  p re s s u re s  of e thy lene  an d
C> ->H A C»^ )H/2 4 2 6
ethane , d e c re a se d  steadily  as the  reaction  p ro g re s s e d  from a value of
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about 0.380 a t  approx im ate ly  10% conversion to a value of 0.200 at 
approxim ately 1 0 0 % convers ion .
In  o r d e r  to in v es t ig a te  the  p ro d u c t  d is tr ibu tion  on a s teady  
state c a ta ly s t ,  a sample of 0.0947g of the  ca ta ly s t was red u ce d  and 
trea ted  in th e  s t a n d a r d  manner (section 3.6) an d  then  deac tiva ted  by a 
series of 40 h y d ro g en a t io n  reac tions . Samples from the  p ro d u c ts  were 
ex tra ted  and  a n a ly se d  severa l times du ring  the  reac tion  to follow the  
changes in p ro d u c t  d is t r ib u t io n  th ro u g h o u t the  reac tion . F igu re  43, 
which c o r re s p o n d s  to reac tion  27, shows th a t  bo th  e thane and  e thy lene  
were p ro d u c e d .  T he yield of e thylene showed a reduc tion  of ~ 50%, 
compared w ith th a t  on the  fresh ly  red u ce d  ca ta ly s t .  The varia tion  of 
selectivity  w ith r e s p e c t  to conversion on a s teady  s ta te  ca ta lys t 
(F igure  43) show ed an initial value of 0.300 at approxim ately 1% co n v e r ­
sion, which th e n  d ec re ase d  rapid ly  to a value of 0.140 at approxim ate ly  
100% co n v e rs io n .  T h is  value was maintained until almost all the 
acetylene had  r e a c te d .
A se t of hyd rogena tion  reac tions  c a r r ie d  out on the  above 
catalyst a f te r  it  had  been  re g e n e ra te d  to i ts  orig inal ac tiv ity  (section
3.10), to examine th e  effect of reaction num ber on the  se lec tiv ity  for 
ethylene form ation . Samples were e x tra c te d  from the  reac tion  m ixture  
a fte r a p r e s s u r e  d ro p  of ~ 15 T o r r ,  which was equ iva len t to approxim a­
tely 99 ± 10% co n v e rs io n .  I t  was found th a t  the  deactivation with 
C2H2 /H 2 h ad  a minor effect on selec tiv ity  (Table  2).
I t  was o b s e rv e d  th a t  trea tm ent of th e  s teady  s ta te  ca ta lys t 
with 100 T o r r  H2 for up  to 20h at room te m p era tu re  p ro d u ced  a 20% 
improvement to th e  se lec tiv i ty  value from 0.175 to 0.203.
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Table 2. E ffec t of R eaction  Number on S electiv ity






5.3 THE REACTION ORDER WITH RESPECT TO HYDROGEN AND 
ACETYLENE
B ecause  of va r ia t ions  in catalytic  ac tiv ity  from reaction to 
reac tion , it was n o t  possib le  to obtain meaningful m easurem ents for th e  
varia tions in in i t ia l  r a te  with re a c ta n ts  p re s s u re s  and  hence determine 
the o rd e rs  of re a c t io n  with re sp e c t  to each r e a c ta n t .
In a s e r ie s  of reac tions ,  the  effect of va r ia tion  of reac tan ts  
p re s s u re  on the  se lec tiv i ty  was s tu d ie d  using a co n s tan t  p re s s u re  of 
one re a c ta n t  (a c e ty le n e  = 12.5 T o rr  and hyd rogen  = 37.5 T o r r ) ,  while 
the p r e s s u r e  of th e  o th e r  re a c ta n t  was var ied . P ro d u c ts  were 
analysed by  th e  gas ch rom atograph  at a fixed p r e s s u r e  fall of 10 T o r r .  
As shown in F ig u re  44, th e  selec tiv ity  tow ards e thy lene  production  
inc reased  with in c re a s in g  h y d ro g en  p r e s s u re  with a limiting value of 
selectiv ity  of 0.065 as  the  plot was ex trapo la ted  to zero hydrogen  
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increasing  a c e ty le n e  p r e s s u r e  up to a point co rrespond ing  to a p r e s s u re  of 
-6 0  T o r r  when no s ign if ican t variation of selectiv ity  with initial 
acetylene p r e s s u r e  was o b se rved .
5.4 THE TEMPERATURE DEPENDENCE OF THE PRODUCT DISTRI­
BUTION AND THE ACTIVATION ENERGY OF THE REACTION
A 0.10g sample of EUROPT-1 was re d u c e d ,  t r e a te d  and  ru n  
to the s tead y  s t a t e ,  a s  described  in the  p reced ing  section. In a series  
of reac tio n s  in th e  te m p era tu re  range  20-60°C, using  a h y d ro g en : 
ace ty lene ra t io  of 3 :1 ,  the  variation of initial reaction  r a te  was s tud ied  
as a function  of te m p e ra tu re .  All the  reac tions  were ana lysed  a f te r  
a p r e s s u r e  fall of 10 T o r r .  The plot of log^Q (initial ra te )  aga inst the  
recip rocal of ab so lu te  tem pera tu re  (F igure  45) was a s t r a ig h t  line from 
which an ac t iv a t io n  e n e rg y  of 45.15 ± 0.05 kJ mol  ^ was ob ta ined .
The var ia t io n  of se lec tiv i ty  as a function of tem pera tu re  is shown in 
F igure  44. From th i s ,  it can be seen th a t  the se lectiv ity  inc reased  
slightly  as th e  te m p e ra tu re  was ra ised .  However, it is im portan t to 
mention th a t ,  a t  te m p e ra tu re s  > 60°C, a diffusion control effect was 
o b se rv ed  to o p e ra te .
5. 5 THE DEPENDENCE OF ACCELERATION POINT UPON 
EXPERIMENTAL VARIABLES
0.10g of C a ta ly s ts  were ac t iv a ted ,  t r e a te d  and  ru n  to the 
s teady  s ta te  a c t iv i ty  u s ing  the s ta n d a rd  p ro c e d u re ,  and  were used  to 
in v es t ig a te  th e  e f fe c ts  of increasing  h y d ro g en  and ace ty lene p r e s s u re s  











E_ = 45.15 K Jm o l
F ig u re  45. T he  var ia tion  of lo g 1Q (initial ra te )  with 



















































































pressure fall c u rv e s  (F igu re  39). F igure 46 shows th a t  the  acc e le ra t­
ion po in t a p p e a re d  ear l ie r  with increas ing  hydrogen  p re s s u re  and  
increasing  th e  reac tion  te m p e ra tu re ,  whereas the relation (-AP ) /3.
(P,-. u  ) rem ained  u n ch an g e d  as the  acetylene p r e s s u re  was in c re a se d .  
u 2 2 0
5.6 [14-C]-D IRECT OBSERVATION STUDIES OF C ^ / H - ,  
HYDROGENATION REACTION
T h re e  se r ies  of experim en ts  were designed  in an a t tem pt to 
gain some know ledge abou t the  behav iour of acetylene d u r in g  i ts  reac tion  
with h y d ro g e n ,  the  reac t iv i ty  of polymeric species formed from the  
adso rp tions  of C 2H 2 and  th ro u g h o u t the 0 2 ^ / ^  hyd ro g en a t io n
reac tions ,  an d  the  amount of carbonaceous species th a t  accumulate 
perm anently  on th e  ca ta ly s t  su rface .
Series 1
A 0.0978g of EUROPT-1 ca ta ly s t was cleaned by  H2 an d  t r e a te d  
using th e  s ta n d a rd  p ro c e d u re  desc r ibed  p rev ious ly .  A sample of 1:3,
[ 1 4 -C ] -a c e ty le n e :h y d ro g e n  was in troduced  to the  reaction vesse l .
The q u a n t i ty  of [ 14 -C ]-ace ty lene  in th is  sample was 5 T o rr  which was 
sufficient to bu ild  up  an adso rp tion  isotherm . The reaction  was 
followed by  m inu te - to -m inu te  coun ting  of the  su rface  rad io ac tiv i ty .
F igure 47 shows the  var ia tion  of th e  su rface  count ra te  with time. 
According to Langm uir-H inshelw ood model of bimolecular re a c t io n s ,  the  
[1 4 -C ]-ace ty len e  would be ex p ec ted  to re su l t  in an in s ta n t  bu ild  up  to 
a full coverage  of su rface  la y e r  of [ 14-C ]-ace ty lene , which would 
diminish as th e  reac tion  p ro c e e d s .  The behav iour ob se rv ed  in F ig u re  47
Time (min) o
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F ig u re  49. ( s t e a d y  s ta t e  c a ta ly s t )
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F ig u re  48. ( s t e a d y  s ta t e  c a ta ly s t )
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B e h a v io u r  of d u r in g  i t s  h y d ro g e n a t io n  on EU R O PT -1
118
on f r e s h ly  r e d u c e d  c a ta ly s t ,  r e p r e s e n t 5 a  r e v e r s a l  mechanism to the  
above  model. T h is  b e h a v io u r  was also o b s e rv e d  by  B e rn d t  e t  al. (5 6 ) ,  
u s in g  th e  sy s tem  C 2 H 2 /H 2 _Ni/SiC>2 . T h e  am ount of [14-C] r e t a in e d  b y  
th e  c a t a ly s t  was ca . 50%.
A 0.095g c a ta ly s t  was t r e a t e d  in th e  s t a n d a r d  m an n er  a n d  th e n  
d e a c t iv a te d  with 34 ace ty len e  h y d ro g e n a t io n s  b e fo re  a p re -m ix e d  sample 
of 12.5  T o r r  [ 1 4 -C ]-a c e ty le n e  + 37 .5  T o r r  h y d ro g e n  ( th e  am ount of 
[ 1 4 -C ] -a c e ty le n e  = 5 T o r r )  was ad m itted  to th e  c a ta ly s t .  T he  b e h a v io u r  
of th e  s u r f a c e  ra d io a c t iv i ty  is  show n in F ig u re  48. From th i s ,  it can  be  
seen t h a t  th e  b e h a v io u r  of [ 1 4 -C ] -a c e ty le n e  on a s te a d y  s t a t e  c a ta ly s t  is 
c o n s id e ra b ly  more complex co m p ared  to th e  b e h a v io u r  o b s e rv e d  on a 
f re s h ly  r e d u c e d  c a ta ly s t .  Similar b e h a v io u r  was found  when th e  am ount 
of [ 1 4 -C ] -a c e ty le n e  u sed  was in c r e a s e d  to 12.5 T o r r  (F ig u re  49). 
H ow ever,  it is in t e r e s t in g  to  n o te  t h a t  th e  b e h a v io u r  o b s e rv e d  on a 
s tead y  s t a t e  c a ta ly s t  is l ike ly  to e x h ib i t  oscilla tion cycles  of a d s o rp t io n -  
d e so rp t io n  w hich  accom panied  a c o n t in u o u s  d isp lacem en t of th e  [12-C ] 
h y d ro c a rb o n  sp ec ie s  which a re  p r e s e n t  on th e  c a ta ly s t .
Series  2
A f r e s h ly  r e d u c e d  EU R O PT -1 c a ta ly s t  (0 .097g) was c o v e re d  
with 5 T o r r  of [ 1 4 -C ] -a c e ty le n e  w h ich  was capab le  of b u i ld in g  an 
a d so rp t io n  iso th e rm . T he  c a ta ly s t  was allowed to s ta n d  fo r  one h o u r  
u n d e r  th i s  cond ition  an d  th e n  was e v a c u a te d  fo r  30 min. A m ix tu re  of 
3 : i : : h 2 : C 2h  2  was th e n  ad m it ted  to  th e  sy stem  a n d  th e  re a c t io n  was 
followed b y  m on ito ring  th e  p r e s s u r e  d r o p .  T he  s u r fa c e  ra d io a c t iv i ty  
was m on ito red  a t  r e g u la r  i n t e r v a l s  of 1 min. C u rv e  A ( F ig u re  50) show s
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th a t  th e  s u r f a c e  r a d io a c t iv i ty  d e c re a s e s  r a p id ly ,  followed b y  a slower 
d e c re a s e .  T h is  was th e n  followed by  a second  r a p id  d e c re a se  in th e  
s u r fa c e  r a d io a c t iv i ty .  T h e  s h a p e  of th e  c u rv e  s u g g e s t s  th a t  th e  p r e ­
a d s o rb e d  a c e ty le n e  did  u n d e rg o  h y d ro g e n a t io n  to  e th y le n e  w hich in t u r n  
u n d e rw e n t  f u r t h e r  h y d ro g e n a t io n  to  e th an e  with c a .  75% of th e  ra d io ­
a c t iv i ty  s ta y in g  on th e  c a t a ly s t .
When th e  above  p r o c e d u r e  was r e p e a te d  on 0 .098g  of c a ta ly s t ,  
d e a c t iv a te d  to th e  s te a d y  s ta t e  b y  38 re a c t io n s  of 0 2 ^ 2 ^ 2 ’ r e s u l ts  
shown in C u rv e  B (F ig u re  50) in d ica te  th a t  th e  a d s o r b e d  ace ty len ic  
spec ies  d id  p a r t i c ip a te  in th e  h y d ro g e n a t io n  re a c t io n  in a m a n n e r  similar 
to th a t  o b s e r v e d  on th e  f r e s h ly  r e d u c e d  c a ta ly s t .  T h e  am ount of th e  
ace ty len ic  sp ec ie s  w hich  rem a in ed  on th e  c a ta ly s t  was ca lc u la te d  an d  
found  to be  34%.
S er ie s  3
0 .098g of EU RO PT-1 was r e d u c e d  a n d  t r e a t e d  b y  th e  s t a n d a r d  
p r o c e d u r e .  An a d s o rp t io n  iso the rm  of [ 1 4 -C ] -e th y le n e  was b u i l t - u p  as 
d e s c r ib e d  in s ec tio n  4 .2 .1 .  T h e  a d s o rb e d  e th y le n e  was allowed to s t a n d  
on th e  c a ta ly s t  fo r  l h ,  th e n  th e  reac tio n  v e s se l  was e v a c u a te d  fo r  30 min. 
A p re -m ix e d  sam ple of 3 :1 :  C 2H 2 was ad m itted  to  th e  c a ta ly s t  a n d
the s u r f a c e  ra d io a c t iv i ty  leve l was m e asu re d  p r o g r e s s iv e ly  a s  th e  h y d r o ­
genation  rea c t io n  p ro c e e d e d .  T he  r e s u l t s  of th i s  e x p e r im e n t  a re  shown 
in C u rv e  C ( F ig u r e  50). T h e  r e s u l t s  show th a t  a b o u t  6 6 % of th e  p r e ­
a d s o rb e d  e th y le n e  was a c t iv e  to u n d e rg o  h y d ro g e n a t io n  w ith an  am oun t,  
ca. 34%, rem a in ing  s t r o n g ly  a d s o rb e d  on th e  c a ta ly s t .
When 0 .098g of EU RO PT-1 in i ts  s te a d y  s ta t e  form (d e a c t iv a te d  
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and  t r e a t e d  as  d e s c r ib e d  above  an d  a h y d ro g e n a t io n  of 0 ^ 2 1 ^ 2  was 
p e r fo rm e d  on th e  c a t a ly s t ,  similar b e h a v io u r  to th a t  o b s e r v e d  on a 
f r e s h ly  r e d u c e d  c a t a ly s t  was e n c o u n te r e d  (C u rv e  D, F ig u re  50) w ith 
abou t 52% of th e  [ 1 4 -C ] -e th y le n e  p a r t i c ip a t in g  in th e  h y d ro g e n a t io n  
reac tio n  a n d  ~ 48% rem ain ing  d e p o s i te d  on th e  c a ta ly s t .
5.7 [14-C ]-ETH Y LEN E TRACER STUDIES OF ACETYLENE
HYDROGENATION
T h e  a d d i t io n  of [ 1 4 -C ] -e th y le n e  to  th e  a c e ty le n e  + h y d ro g e n  
reac tio n  m ix tu re  was u se d  to gain f u r t h e r  in s ig h t  in to  th e  m echanism  of 
the se lec tiv e  h y d ro g e n a t io n  on a s te a d y  s ta t e  EU RO PT-1 c a ta ly s t .
0 .095g of EUROPT-1 was r e d u c e d  in a s tream  of h y d ro g e n  
(30 ml min a c c o rd in g  to s t a n d a r d  p r o c e d u r e  a n d  th e n  cooled in v acuo  
to am bient t e m p e r a tu r e .  T he  c a t a ly s t  was th e n  b r o u g h t  to th e  s te a d y  
s ta te  by  a s e l f -p o is o n in g  p r o c e s s ,  u s in g  36 h y d ro g e n a t io n s  of 0 ^ 2 ^ 2  
at room t e m p e r a t u r e .  A p re -m ix e d  sample c o n ta in in g  12.5 T o r r  
ace ty lene  a n d  37.5  h y d ro g e n  + 1 T o r r  [ 1 4 -C ] -e th y le n e  was in t ro d u c e d  
to th e  c a t a ly s t .  Sam ples w ere e x t r a c t e d  for a n a ly s is  b y  th e  gas  
c h ro m a to g rap h  a n d  th e  am ounts  of ra d io a c t iv i ty  in th e  in d iv id u a l  
reac tion  p r o d u c t s  w ere  d e te rm in e d  u s in g  th e  gas  p ro p o r t io n a l  c o u n te r  
(section  3 .1 .1 .  5 ) .  T h e  same p r o c e d u r e  was r e p e a te d  on th e  same 
ca ta ly s t u s in g  v a r io u s  p r e s s u r e s  of [ 1 4 -C ] -e th y le n e  (2 a n d  4 T o r r )  
which w ere  a d d e d  to th e  reac t io n  m ix tu re  b e fo re  adm ission  to  th e  
reaction  v e s s e l .  T h e  to ta l  e th a n e ,  e th y le n e  a n d  a c e ty le n e  y ie ld s  a n d  
the [ 1 4 -C ] - e th a n e  a n d  [ 1 4 -C ] -e th y le n e  y ie ld s  w ere  d e te rm in e d .  T h e s e  













































































































































































































































s m o 0 0 o c o NO N f OO (NJ O '
(NJ O ' CO o 0 0 (NJ i n o O v O
v O i n OO rH O o o c o rH
u  c n CO CO (NJ CM (NJ rH o c o (NJ
a )  ^ • • • . • . . . • .
o o o o o o o o o O
in
-vO C"- s O O ' (NJ o O ' o o C"- r H N f
o o o o r H i n O ' i n CO
^  L. i n O ' rH o 0 0 i n (NJ o N f c—
£  ^  U O ' o (NJ o 0 0 r H OO c o (NJ 0 0
•5h  o  o
O  (NJ +* o r H rH c o CO m v O 0 0 O rH
U  r H  ■—
a .
v O c o rH CO rH rH o o o o (NJ
O ' O ' (NJ i n (NJ O ' i n O '
i n O ' rH o o s O (NJ o C "
I S  ^  ^  
o  U  °
O ' o (NJ o o o rH o o CO (NJ o o
H  2  -
o r H rH c o CO i n ' O o o O rH
O n
!T! ^ v O O ' rH t^ - o o v O s O O ' i nMH
1 , i n i n r n T—I c o o o
( \ j  h o j r H r - C '- 0 0 r H i n i n (NJ (NJ
U  0
0 0 v O i n O ' o CO i n c o r H i n
(NJ +-> 
t-H
o O o o rH ■ r H r H o o o
CL.
?
' O  oX  -r-+ r—1 C^- 0 0 CO 0 0 i— 1 (NJ (NJ r H o
(NJ X i n ' O i n 0 0 (NJ O ' 0 0 o v O NF
O  _ Cs“ 0 0 v O 0 0 O ' r H r H i n o ' v O






• rH 0 0 o o o o 0 0 O o i n CO
CO CM O ' i n o r H o i n v O 1— i c o
_  L • • . . . . • . . .
O ' r* - r H i n o o i n i n r Ho \ °  £ r H o v O 0 0 o O '





" d  o  T "
«  -— « r * *
2  °  o rH i 1 1 1 1 1 1 (NJ 1X) ^  +3

































































































































































































































































































































































































F ig u re  51 shows th e  v a r ia t io n  of th e  y ie ld s  of [ 1 4 -C ] -e th a n e  
w ith c o n v e rs io n  fo r  th e  h y d ro g e n a t io n  of a c e ty le n e  with h y d ro g e n  in 
th e  p r e s e n c e  of v a r io u s  p r e s s u r e s  of a d d e d  [ 1 4 - C ] - e th y le n e .
To f u r t h e r  t e s t  th e  b e h a v io u r  of [ 1 4 -C ] -e th y le n e  h y d r o g e n a t ­
ion in  th e  p r e s e n c e  of a c e ty le n e ,  th e  re a c t io n  of 12.5 T o r r  ac e ty le n e  
+ 37.5  T o r r  h y d ro g e n  in th e  p r e s e n c e  of a d d e d  am oun ts  of [1 4 -C ] -  
e th y le n e ,  was s tu d ie d  by  th e  d i r e c t  o b s e rv a t io n  te c h n iq u e ,  u s in g  
0 .095g of EU R O PT -1 . T he  r e s u l t s  ( F ig u re  52) show th a t  d u r in g  th e  
h y d r o g e n a t io n  of a c e ty le n e ,  [ 1 4 -C ] -e th y le n e  b e h a v e s  in a m anner  
s u g g e s t in g  an  osc il la t ing  p ro c e s s  is in v o lv e d ,  w hich p ro b a b ly  cou ld  be  
a t t r i b u t e d  to a d s o rp t io n -d e s o rp t io n  cy c le s .
T h e  am ount of [ 1 4 -C ] -e th y le n e  p r e s e n t  in th e  re a c t io n  m ix tu re  
at a n y  s ta g e  of th e  r e a c t io n ,  a s  m e a su re d  b y  r a d io - g a s  c h ro m a to g ra p h y ,  
is show n in F ig u re  53.
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THE REACTION OF ACETYLENE WITH HYDROGEN OVER 
0.3% P t / A ^ O 3 (EU RO PT-3) CATALYSTS
6.1 DEACTIVATION CURVES
T h e  h y d ro g e n a t io n  of ace ty le n e  with h y d ro g e n  on EUROPT-3 
was in v e s t ig a t e d  u s in g  a 2 .05g c a ta ly s t .  T h e  c a ta ly s t  was r e d u c e d  in 
a s t ream  of h y d r o g e n  u s in g  th e  s t a n d a r d  p ro c e d u r e  (sec tio n  3 .6 ) ,  b e fo re  
b e ing  cooled to  room te m p e ra tu re  (20 ± 2°C) hi v a c u o .
A p re -m ix e d  sample of 50 T o r r ,  3 :1 ,  h y d r o g e n :a c e ty le n e  was 
in t ro d u c e d  to  th e  r e a c t io n  v e s s e l ,  th e  p r o g r e s s  of th e  re a c t io n  was 
m onito red  b y  th e  p r e s s u r e  t r a n s d u c e r  a n d  th e  r e s u l t in g  p r e s s u r e  fall 
a g a in s t  time c u r v e  is  show n in F ig u re  54a. T h is  c u r v e  in d ica te s  th a t  
the  h y d ro g e n a t io n  of C 2 H 2 /H 2 p ro c e e d e d  in two s ta g e s .  T he  a c c e le ra t  
ion p o in t  d e n o te d  b y  — AP^, which was o b ta in e d  by  e x t ra p o la t in g  the  f i r s t  
and  s eco n d  s ta g e s  of th e  re a c t io n ,  o c c u r r e d  a t  a p r e s s u r e  fall equa l to 
13.5 ± 0 . 2  T o r r ,  t h a t  i s ,  a t  a p r e s s u r e  fall c o r r e s p o n d in g  to  n ea r ly  
complete rem oval of a c e ty le n e .
T h e  same c a ta ly s t  was s u b je c te d  to a s e r ie s  of C 2H 2 /H 2 h y d r o ­
genation  r e a c t io n s  "co n secu tiv e ly "  u s in g  m ix tu re s  of 12 .5  T o r r  ace ty le n e  
and 37.5 T o r r  h y d r o g e n .  A f te r  each  h y d ro g e n a t io n ,  th e  reac tio n  v e s s e l  
was e v a c u a te d  fo r  30 min to rem ove g a se o u s  p r o d u c t s  form ed from th e  
p re c e d in g  r e a c t io n .  F ig u re  54a show s th a t  th e  re a c t io n  r a te  d e c re a se d  
s ligh tly  b e tw ee n  s u c c e s s iv e  h y d ro g e n a t io n s .  H ow ever ,  b o th  s ta g e s  of 
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b e in g  in d e p e n d e n t  of th e  n u m b e r  of re a c t io n s  c a r r i e d  ou t on th e  c a t a ly s t .  
P lo ts  of £n (P + AP) a g a in s t  time (F ig u re  53a) p ro d u c e d  s t r a i g h t  l ines  
in d ic a t in g  th a t  the  f i r s t  s ta g e  of th e  re a c t io n  was f i r s t - o r d e r  w ith 
r e s p e c t  to to ta l p r e s s u r e .  T h e  g r a d ie n ts  of th e s e  p lo ts  g av e  v a lu e s  of 
th e  f i r s t - o r d e r  r a te  c o n s ta n t  (K min ^ ) . F ig u re  54b show s th e  v a r ia t io n  
of th e  f i r s t - o r d e r  r a te  c o n s ta n t  (K min with reac tion  n u m b e r ,  from
w hich  it can be  seen  t h a t ,  d u r in g  th e  d eac t iv a t io n  of th e  c a t a ly s t  b y  
C 2 H 2 /H 2 h y d ro g e n a t io n s ,  th e  c a ta ly s t  a c t iv i ty  could  be  p a r t i a l ly  
r e s t o r e d  b y  leav in g  th e  c a ta ly s t  in c o n ta c t  w ith  100 T o r r  fo r  p e r io d s  
of > 15h. T he  o r ig ina l a c t iv i ty  cou ld ,  h o w e v e r ,  be  r e s to r e d  by  
r e g e n e r a t in g  th e  c a ta ly s t  u n d e r  th e  r e d u c t io n  cond itions  ( s e e  sec tio n
3 .1 0 ) .  D u r in g  th i s  r e g e n e ra t io n  p r o c e s s ,  e th a n e  and  m ethane  w ere 
p r o d u c e d .  H ow ever, due  to th e  small am oun ts  invo lved  a n d  th e  fac t 
th a t  th e  r e g e n e ra t io n  p r o c e s s  was c a r r i e d  o u t  u n d e r  flowing H 2 , a c c u ra te  
q u a n t i ta t iv e  an a ly s is  of th e  am ounts  of each  h y d ro c a rb o n  cou ld  n o t  b e  
ac h ie v e d .
6 .2  PRODUCT DISTRIBUTION ON FRESHLY REDUCED AND STEADY 
STATE CATALYSTS
In  o r d e r  to exam ine th e  p o ss ib le  p r o d u c td s  w hich cou ld  b e  
fo rm ed  d u r in g  th e  h y d ro g e n a t io n  of ac e ty le n e  with h y d ro g e n  on th e  
EU RO PT-3 c a ta ly s t ,  a 2 .00g  sample was r e d u c e d  an d  t r e a t e d  a c c o rd in g  
to th e  s t a n d a r d  p ro c e d u r e  ( s e e  sec tion  3 .6 ) .  A f te r  th e  c a t a ly s t  h a d  
been  cooled to room te m p e r a tu r e ,  a h y d ro g e n a t io n  reac t io n  u s in g  a 
m ix tu re  of 12.5 T o r r  a c e ty le n e  a n d  37.5 T o r r  h y d ro g e n  was c a r r i e d  o u t  
on th e  c a ta ly s t .  A n a ly s is  of th e  re a c t io n  p r o d u c t s  a t  v a r io u s  s t a g e s
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d u r in g  th e  c o u r s e  of th e  reac t io n  by  gas  c h ro m a to g ra p h y  show ed 
(F ig u re  55a) t h a t ,  as  in th e  c a se  of E U R O PT -1 , e th an e  a n d  e th y le n e  
w ere  p r o d u c e d  in  th e  ea r ly  s ta g e s  of th e  re a c t io n .  T h is  was c o n t in u e d  
up to  a b o u t  50% of th e  e x te n t  of th e  to ta l  r e a c t io n  (~ 95% c o n v e r s io n ) ,  
w hen th e  y ie ld  of e th a n e  in c re a s e d  r e m a rk a b ly  a s  a r e s u l t  of th e  
h y d ro g e n a t io n  of e th y le n e  at th e  o n se t  of th e  s eco n d  s tag e  of the  
r e a c t io n .  T h e  dom inant f e a tu re  of C - ^ 2 ^ 2  h y d ro g e n a t io n  on EU RO PT-3 
was t h a t  it  sh o w ed  an app ro x im ate ly  th r e e - f o ld  h ig h e r  se lec t iv i ty  when 
co m p ared  w ith  EU R O PT-1. T he  se le c t iv i ty  in c re a s e d  s l ig h t ly  with % 
c o n v e r s io n ,  from an in itia l v a lue  of 0.600 to 0 .680 up to a po in t 
c o r r e s p o n d in g  to  th e  u p - ta k e  of ap p ro x im ate ly  0 .95  moles of h y d ro g e n  
p e r  mole of a c e ty le n e  p r e s e n t  ( ~ 95% c o n v e rs io n )  .
T h e  h y d ro g e n a t io n  of C - ^ 2 ^ 2  o n  a s *e a dy  s ta te  EU RO PT-3 
c a ta ly s t  was also  in v e s t ig a te d .  0 ,95g of c a ta ly s t  was r e d u c e d  a n d  
t r e a t e d  u s in g  th e  s t a n d a r d  p ro c e d u re  a n d  th e n  s u b je c te d  to a s e r ie s  
(39 r e a c t io n s )  of C 2 H 2 /H 2 h y d ro g e n a t io n s  u s in g  3 :1 ,  h y d ro g e n :a c e ty l e n e  
m ix tu re s .  Sam ples  w ere e x t r a c te d  a n d  a n a ly s e d  s e v e ra l  times d u r in g  
each r e a c t io n .  Com parison  of th e  r e s u l t s  fo r  s e t s  of re a c t io n s  on a 
s te a d y  s ta t e  c a ta ly s t  show ed th a t  th e  p r o d u c t  d is t r ib u t io n  was similar 
from re a c t io n  to r e a c t io n .  T ypical p r o d u c t  d i s t r ib u t io n  cu rv e s  fo r  a 
s te a d y  s t a t e  c a ta ly s t  ( re a c t io n  46) a re  show n’ in F ig u re  55b. From th i s  
it can b e  seen  t h a t ,  a t  c o n v e rs io n s  le s s  th a n  ~ 1 0 0 %, th e  y ie ld s  of 
e th a n e  a n d  e th y le n e  in c re a s e d  almost l in e a r ly  with  % c o n v e rs io n .  A lso , 
when a b o u t  8 8 % of th e  ace ty le n e  h a d  b e e n  r e a c te d ,  th e  e th y le n e  y ie ld  
d e c re a s e d  r a p id ly  a n d  s im u ltaneously  th e  e th a n e  y ie ld  in c re a s e d  r a p id ly .  
In c o n t r a s t  to  th e  f r e s h ly  r e d u c e d  c a t a ly s t ,  a s l ig h t  in c re a s e  ( a b o u t  6 %)
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in th e  se lec t iv i ty  w as also o b s e r v e d  with th e  c a ta ly s t  in i ts  s te a d y  s ta t e  
( F ig u re  55b).  A t th e  l a t t e r  s ta g e s  of th e  r e a c t io n ,  t r a c e r s  of 
po lym eric  h y d r o c a r b o n s  a p p e a r e d .  T h e se  were id e n t i f i e d  as  p r o d u c ts  
(m ainly  n - b u t a n e ) .
T he  v a r ia t io n  of s e le c t iv i ty  w ith in c re a s in g  r e a c t io n  n u m b e r  
was also in v e s t ig a t e d  in a n o th e r  s e t  of r e a c t io n s ,  u s in g  2.0345g of 
c a t a ly s t .  P r o d u c t s  w ere a n a ly s e d  a t  a f ixed  p r e s s u r e  d ro p  ( -A P) of 
~ 10 T o r r  w hich c o r r e s p o n d e d  to 46 ± 2 .1  convers ion . As can be  seen 
from T able  4, th e  d eac t iv a t io n  h a d  a n eg lig ib le  e f fec t  on s e le c t iv i ty .
T ab le  4 . E ffec t of C a ta ly s t  D eac tiva tion  on S e le c tiv i ty
R eac tion  No. % C o n v ers io n S e lec tiv i ty
7 42.8 0.675
9 44.5 0.680
15 45 .9 0.696






6 .3  THE REACTION ORDER WITH RESPECT TO HYDROGEN AND 
ACETYLENE
A fte r  a c t iv a t io n ,  a 2.05g sample of EU R O PT -3 , w as e v a c u a te d  
a t  250°C for 0 .5 h  a n d  cooled in vacuo  to am bient t e m p e ra tu r e .  T he  
c a t a ly s t  was th e n  r u n  to  i t s  s te a d y  s ta t e  by  p e rfo rm in g  30 h y d r o g e n a t ­
ion re a c t io n s  u s in g  3 : 1 1 : ^ 2 : 0 2 ^  m ix tu re s .
In a s e r ie s  of e x p e r im e n ts  a t  room te m p e ra tu r e ,  u s in g  a 
c o n s ta n t  in itia l a c e ty le n e  p r e s s u r e  of 12.5 T o r r ,  th e  h y d r o g e n  p r e s s u r e  
was v a r ie d  be tw een  6 .25  a n d  75.0 t o r r .  P ro d u c ts  were e x t r a c t e d  a t  
p r e s s u r e  fall eq u a l  to  ~ 10 T o r r  a n d  a n a ly se d  by  gas  c h ro m a to g ra p h y ,  
in o r d e r  to look a t  th e  e f fec t  of in c re a s in g  th e  p r e s s u r e  upon  th e  
p r o d u c t  d is t r ib u t io n  a n d  c o n se q u e n t ly  on th e  s e le c t iv i ty .  T he  o r d e r  
w ith  r e s p e c t  to h y d r o g e n  was fo u n d  to be  1.73 ± 0.06 (F ig u re  56). As 
shown in F ig u re  57, th e  se lec tiv i ty  of th e  c a ta ly s t  fo r  e th y le n e
p ro d u c t io n  d e c r e a s e d  as  th e  in itia l h y d ro g e n  p r e s s u r e  was in c r e a s e d .
E x tra p o la t io n  of th i s  c u r v e  to zero  h y d ro g e n  p r e s s u r e  p ro d u c e d  a
lim iting  va lue  of s e le c t iv i ty  of a b o u t  0 .850.
In  a n o th e r  s e t  of e x p e r im e n ts  u s in g  2.035g EU R O PT -3 , a 
s e r ie s  of ace ty le n e  h y d ro g e n a t io n  r e a c t io n s  (3 :1 ,  h y d ro g e n :a c e ty l e n e )  
w ere c a r r i e d  o u t  to b r in g  th e  c a ta ly s t  to i t s  s te a d y  s t a t e .  T h e  in i t ia l  
p r e s s u r e  of h y d ro g e n  was f ix ed  a t  12.5 T o r r  th r o u g h o u t  w h e re a s  th e  
in i t ia l  p r e s s u r e  of ac e ty le n e  c h a n g e d  b e tw ee n  6 .25 a n d  150 T o r r .  
P r o d u c t s  w ere aga in  a n a ly s e d  b y  g a s  c h ro m a to g ra p h y  a t  p r e s s u r e  d ro p  
equa l to  10 T o r r  in o r d e r  to  in v e s t ig a te  th e  d e p e n d e n c e  of s e le c t iv i ty  
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' ig u re  5 6 , T he  v a r ia t io n  of in itia l r a t e  w ith  p r e s s u r e  in acetylen<


























































































































C2  ^ - P r e s s u r e  (tom) o






T he  re a c t io n  o r d e r  w ith r e s p e c t  to ac e ty le n e  was fo u n d  to  be  
-0 .9 5  ± 0.01 (F ig u re  58). As is  c lea r  from F ig u re  57, th e  se lec t iv i ty  
in c re a s e s  s tead i ly  a s  th e  p r e s s u r e  of ace ty le n e  is  in c re a s e d  up  to a 
p r e s s u r e  ca .  38 T o r r ,  a f t e r  w hich no s ig n if ic a n t  v a r ia t io n  in th e  se lec ti­
v i ty  was o b s e r v e d ,  a l th o u g h  p r e s s u r e s  up  to 150 T o r r  w ere  u s e d .
6 .4  THE TEMPERATURE DEPENDENCE OF THE PRODUCT DISTRIBUTION 
AND THE ACTIVATION ENERGY OF THE REACTION
In o r d e r  to exam ine th e  d e p e n d e n c e  of th e  se le c t iv i ty  upon  
te m p e ra tu r e  an d  to e v a lu a te  th e  ac tiva tion  e n e r g y  of th e  re a c t io n  on 
EU R O PT -3 , a sample of 0 .97g  c a ta ly s t ,  a f t e r  a c t iv a t io n ,  w as b r o u g h t  to 
the  s te a d y  s t a t e ,  a s  e x p la in e d  in th e  p re v io u s  s e c t io n s .  A s e r ie s  of 
r e a c t io n s  in th e  t e m p e r a tu r e  r a n g e  22°C to 85°C, u s in g  ( 3 : 1 ) ,  ^ ^ 2 ^  
m ix tu re s  was c a r r i e d  o u t .  Each reac t io n  was a n a ly se d  a f t e r  a p r e s s u r e  
fall of ~ 10 T o r r .
T he  p lo t  of log-^Q (in i t ia l  r a t e )  a g a in s t  th e  r e c ip ro c a l  of 
ab so lu te  t e m p e ra tu re  ( F ig u r e  59) p ro d u c e d  a s t r a i g h t  line from which an 
a c t iv a t io n  e n e rg y  of 40.66 ± 0.315 k J  mol  ^ was o b ta in e d .  T h e  se lec ti­
v i ty  of th e  c a ta ly s t  fo r  th e  p ro d u c t io n  of e th y le n e  as  a fu n c t io n  of 
t e m p e ra tu re  (F ig u re  57) in c re a s e d  from a va lue  of 0.668 to a c o n s ta n t  
v a lue  of 0.780 as  th e  t e m p e r a tu r e  was r a i s e d  from 20° to 60°C . A bove 










E -  40 .66  KJmolr
- 2.0
F ig u r e  59. T h e  v a r ia t io n  of l°g^g  ( in i t ia l  r a t e )  w ith r e c ip ro c a l  of the  
a b s o lu te  te m p e ra tu r e  of a c e ty le n e  h y d ro g e n a t io n  on 


































o oLO OO LO













































6.5  THE DEPENDENCE OF ACCELERATION POINT UPON 
EXPERIMENTAL VARIABLES
T h e  e f fe c t  of ace ty len e  a n d  h y d r o g e n  p r e s s u r e s  an d  te m p e ra tu r e  
on th e  acc e le ra t io n  p o in t  (-A P  ) was d e te rm in e d .  T he  c a ta ly s ts  w hich
cl
w ere u s e d  in sec t io n s  6 .3  a n d  6 .4  w ere  em ployed  to in v e s t ig a te  th e s e  e f f e c t s .  
A s can  b e  seen  from F ig u re  60, th e  acc e le ra t io n  p o in t  (-A P  )
cl
a p p e a r e d  e a r l ie r  a s  th e  in itia l h y d ro g e n  p r e s s u r e  was in c re a s e d .  W hereas
th e  re la t io n  (-A P ) / ( P r , u  ) rem a in ed  u n c h a n g e d  a s  th e  p r e s s u r e  of 
a 2 2 0 
a c e ty le n e  was v a r ie d .
In th e  te m p e ra tu re  r a n g e  30° to 70°C, th e  acce le ra t io n  p o in t
o c c u r r e d  e a r l ie r  as  th e  te m p e ra tu re  was in c r e a s e d .
6 . 6  [14 -C ]-D IR E C T  OBSERVATION STUDIES OF C ^ / H . ,  
HYDROGENATION REACTION
In an a t te m p t to look a t  th e  b e h a v io u r  of ace ty le n e  a n d  e th y le n e  
d u r in g  th e  C^H ^/H ^ h y d ro g e n a t io n  on EU R O PT -3 u s in g  th e  c o r re s p o n d in g  
[ 14-C] - la b e l le d  h y d r o c a rb o n ,  th e  following e x p e r im e n ts  w ere c a r r i e d  o u t :
E x p e r im en t  1
T h is  ex p e r im e n t  was d e s ig n e d  to  exam ine th e  b e h a v io u r  of 
the  ace ty le n ic  sp ec ie s  a d s o rb e d  in th e  p r im a ry  re g io n  of th e  a d s o rp t io n  
iso th e rm s  of a ce ty le n e  (sec tio n  4 .1 2 ,  F ig u re  27 ),  d u r in g  th e  h y d r o g e n ­
ation r e a c t io n .  I t  was also in te n d e d  to in v e s t ig a te  th e  re le v a n c e  of 
r e ta in e d  c a rb o n a c e o u s  spec ies  to th e  h y d ro g e n a t io n  re a c t io n .
0 .97g  of EUROPT-3 was r e d u c e d  in flowing H^ a c c o rd in g  to  
the  s t a n d a r d  p r o c e d u r e .  T he  c a ta ly s t  w as th e n  c o v e re d  with ca .  0 .5
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T o r r  [14-C  1 ^ 2 ^  to b u i ld -u p  th e  p r im ary  a d s o rp t io n  re g io n .  A f te r  
15 m in , a sample from th e  gas  p h a s e  in c o n ta c t  w ith  th e  su r fa c e  was 
a n a ly s e d  b y  th e  r a d io - g a s  c h ro m a to g ra p h y  (s e c t io n  3. 1.1 . 5). T h is  
a n a ly s i s  sh o w e d  [ 1 4 -C ] -e th a n e  a s  th e  only h y d r o c a r b o n  p ro d u c t  p r e s e n t  
in th e  gas  p h a s e .  T he  reac t io n  v e sse l  was e v a c u a te d  fo r  30 min to 
rem ove th e  g as  p h a s e  ra d io a c t iv i ty  a n d  a p r e -m ix e d  sample of 12.5 T o r r  
a c e ty le n e  a n d  37 .5  T o r r  h y d ro g e n  was in t r o d u c e d  to th e  reac tio n  v e s s e l .  
T he  re a c t io n  was followed a t  r e g u la r  in t e rv a l s  of 1 min by  m onitoring  
th e  s u r f a c e  r a d io a c t iv i ty .  As shown in ( C u r v e  A ) ,  F ig u re  61, th e  
s u r f a c e  r a d io a c t iv i ty  rem ained  almost u n c h a n g e d  d u r in g  th e  c o u rs e  of 
th e  r e a c t io n .  H ow ever,  evacua tion  of th e  r e a c t io n  v e s s e l  a f te r  th e  
com pletion of th e  rea c t io n  r e s u l t e d  in ca .  26% d ro p  in th e  su r fa c e  
r a d io a c t i v i t y .
E x p e r im e n t  2
T h e  aim of th i s  ex p e r im e n t  was to gain  some in s ig h t  in to  th e  
b e h a v io u r  of [ 1 4 -C ] -a c e ty le n e  d u r in g  i t s  h y d ro g e n a t io n  with h y d r o g e n .
A 0.9642g c a ta ly s t  was r e d u c e d  in th e  u s u a l  m a n n e r .  A 
sample of [ 1 4 - C ] - a c e ty le n e : h y d ro g e n  (1 :3  r e a c t a n t  r a t i o ) ,  was in t r o d u c e d  
to th e  re a c t io n  v e s s e l .  T h e  rea c t io n  was followed b y  c o n t in u o u s  1 
m inute  c o u n t in g  of th e  ra d io a c t iv i ty .  I t  was fo u n d ,  ( ( C u r v e  B ) ,
F ig u re  61) t h a t ,  a s  th e  [ 1 4 -C ]-a c e ty le n e  a n d  h y d r o g e n  was ad m itted  to  
the  c a t a ly s t ,  an  in s t a n t  b u i ld -u p  to a full c o v e ra g e  of a su r fa c e  la y e r  
of [1 4 -C ]-C 2 H 2  o c c u r r e d  a n d  th e  s u r fa c e  r a d io a c t iv i ty  d im in ished  a s  
the  re a c t io n  p ro c e e d e d .  A f te r  th e  c a ta ly s t  h a d  b e e n  e v a c u a te d  fo r  30 









































































E x p e r im e n t  3
T h is  e x p e r im e n t  was ta k e n  w ith  th e  similar o b jec tiv e s  to 
th o s e  in e x p e r im e n t  2, b u t  u s in g  a c a ta ly s t  in i t s  s te a d y  s t a t e .  A 
sam ple of 2.0345g EU RO PT-3 was r e d u c e d  a s  u s u a l  a n d  th e n  d e a c t iv a te d  
to th e  s te a d y  s ta t e  b y  a s e r ie s  of h y d ro g e n a t io n  r e a c t io n s  u s in g  3:1 i*. 
¥ { ^ ' .0 2 ^ 2  n a t u r e s .  A f te r  the  c a ta ly s t  h a d  b een  e v a c u a te d  fo r  30 min, 
a p r e -m ix e d  1:3 m ix tu re  of [ 1 4 -C ] -a c e ty le n e  a n d  h y d ro g e n  was 
a d m it te d  to th e  c a t a ly s t .  As th e  re a c t io n  p r o g r e s s e d ,  th e  c o u n t  r a t e  
of th e  s u r f a c e  r a d io a c t iv i ty  was m e a su re d  on a m inu te  to m inute  b a s i s .  
C u rv e  C (F ig u re  61) shows th a t ,  as  o b s e r v e d  on a clean  c a t a ly s t ,  th e  
r a d io a c t iv i ty  of th e  s u r fa c e  fell s te a d i ly  as  th e  h y d ro g e n a t io n  re a c t io n  
p r o g r e s s e d .  H ow ever ,  ab o u t  21.7% of th e  a d m it te d  [M -C j-C ^ H ^  
re m a in e d  s t r o n g ly  h e ld  on th e  c a ta ly s t  ev e n  a f t e r  th e  c a ta ly s t  h ad  b e e n  
e v a c u a te d  fo r  30 min.
6 .7  [14-C j-ET H Y LE N E TRACER STUDIES OF ACETYLENE 
HYDROGENATION
T he  ad d i t io n  of [ 1 4 -C ] -e th y le n e  to  th e  re a c t io n  m ix tu re  of 
a c e ty le n e  a n d  h y d r o g e n  was u s e d  to gain  f u r t h e r  know ledge  in to  th e  
m echanism  of C 2 H 2 /H 2 h y d ro g e n a t io n  on EU R O PT -3 a n d  th e  re la t iv e  
im p o r tan ce  of th e  therm odynam ic  a n d  m echan is t ic  fa c to r s  in co n tro l l in g  
th e  s e le c t iv i ty  of th e  c a ta ly s t  fo r  e th y le n e  p r o d u c t i o n . T h is  was 
i n v e s t ig a t e d  in th e  following s e r ie s  of e x p e r im e n ts .
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E x p e r im e n t  1
T h is  e x p e r im e n t  was d e s ig n e d  to exam ine th e  b e h a v io u r  a n d  
th e  e x t e n t  of p a r t ic ip a t io n  of th e  e th y le n e  sp ec ie s  p r e - a d s o r b e d  in th e  
p r im a ry  a d s o rp t io n  re g io n  d u r in g  th e  r e a c t io n  of a c e ty le n e  w ith  h y d r o g e n .  
A 0 .97g  EU RO PT-3 c a ta ly s t  was r e d u c e d  in flowing (30 ml min 
a t  250°C a c c o rd in g  to  th e  s t a n d a r d  p r o c e d u r e ,  b e fo re  b e in g  cooled to 
am b ien t  te m p e ra tu r e  in v a c u o . An am o u n t,  ca .  1 T o r r  of [14 -C ] ^ 2 ^  
w as a d m it te d  to th e  c a t a ly s t ,  th i s  b e in g  s u f f ic ie n t  to  co v e r  th e  p r im a ry  
r e g io n .  A h y d ro g e n a t io n  r e a c t io n  of 3: 1! I was c a r r i e d  o u t  on
th e  c a t a ly s t  w ith  th e  s u r f a c e  ra d io a c t iv i ty  b e in g  m onito red  a t  r e g u la r
1 min in t e r v a l s .  T h e  r e s u l t s  p r e s e n t e d  in C u rv e  A (F ig u re  62) s u g g e s t  
th a t  th e  p r e - a d s o r b e d  [ 1 4 -C ] -e th y le n e  u n d e rw e n t  h y d ro g e n a t io n  as  th e  
re a c t io n  p r o g r e s s e d .  H ow ever,  an  a m o u n t,  ca .  20%, of th e  p r e ­
a d s o r b e d  e th y le n e  rem a in ed  s t ro n g ly  b o u n d  on th e  s u r f a c e .
E x p e r im e n t  2
In  th i s  e x p e r im e n t ,  a p r e -m ix e d  sample of 3 : 1 2 ^ 2 ^ 2 ^  +
2 T o r r  [1 4 -C ]^ 2 ^  w as in t ro d u c e d  to  a sample of 0 .97g  EU R O PT -3 in 
its  f r e s h ly  r e d u c e d  s t a t e .  T he  r e a c t io n  p r o g r e s s  was followed u s in g  
th e  p r e s s u r e  t r a n s d u c e r  a n d  th e  s u r f a c e  ra d io a c t iv i ty  was m on ito red  a t  
r e g u la r  1 min in te r v a l s  t h r o u g h o u t  th e  r e a c t io n .  Samples from th e  
r e a c t io n  p r o d u c t s  w ere  a n a ly s e d  a t  d i f f e r e n t  s ta g e s  of th e  re a c t io n  b y  
the  r a d io - g a s  c h r o m a to g ra p h y .  A s can  b e  seen  from C u r v e  B ( F ig u re  
62) a n d  F ig u re  63, most of th e  [14 -C ]-C 2 H ^  rem ained  in th e  gas  p h a s e  
un ti l  m ost of th e  a c e ty le n e  h a d  b e e n  c o n su m e d ,  a f te r  w hich th e  e th y le n e  
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l a r g e r  am oun ts  of [14-C] ^ 2 ^  (5 T o r r )  a n d  similar ex p e r im en ta l  
c o n d i t io n s .  T he  same b e h a v io u r  was o b s e r v e d  (F ig u re  63).
E x p e r im e n t  3
T h is  ex p e r im e n t  w as d e s ig n e d  to look a t  th e  b e h a v io u r  of 
[1 4 -C ]-C 2 H ^  a n d  th e  e x t e n t  of i t s  h y d ro g e n a t io n  d u r in g  th e  r e a c t io n  of 
C 2 H2 w ith  H 2 on a c a ta ly s t  in i t s  s te a d y  s ta t e .  A 0.97g sample of 
EU RO PT-3 was b r o u g h t  to th e  s te a d y  s ta te  b y  p e rfo rm in g  30 r e a c t io n s  
u s in g  m ix tu r e s .  A p re -m ix e d  sample of 12.5 T o r r
a c e ty le n e ,  37.5  T o r r  h y d r o g e n  a n d  5 T o r r  [ 1 4 -C ] -e th y le n e  was th e n  
a d m it te d  to th e  c a ta ly s t .  T h e  p r o g r e s s  of th e  reac t io n  a n d  th e  s u r f a c e  
ra d io a c t iv i ty  w ere  m on ito red  a s  d e s c r ib e d  ab o v e .  Samples from th e  
r e a c t io n  p r o d u c ts  w ere  aga in  a n a ly s e d  a t  d i f f e r e n t  s ta g e s  a s  th e  r e a c t io n  
p r o g r e s s e d .  T he  r e s u l t s  p r e s e n t e d  in C u rv e  C (F ig u re  62) show ed  
t h a t ,  [14 -C ]-C 2 H ^  u n d e rw e n t  c y c le s  of a d s o rp t io n -d e s o rp t io n  a s  th e  
r e a c t io n  was p r o g r e s s e d .  H ow ever ,  th e  r e s u l t s  p r e s e n te d  in F ig u re  63 
show similar b e h a v io u r  fo r  [1 4 -C ]-C 2H ^  on th e  d e a c t iv a te d  c a t a ly s t  to  
t h a t  o b s e r v e d  on th e  f r e s h ly  r e d u c e d  c a ta ly s t ,  t h a t  i s ,  almost all th e  
e th y le n e  rem a in ed  in th e  g a s  p h a s e  u n t i l  most of th e  a c e ty le n e  was 
r e a c t e d .  T h e s e  e x p e r im e n ts  confirm  th e  phenom ena d e s c r ib e d  in 
s e c t io n s  4 .1 .1 .  4 a n d  4 .2 .2  in w hich  ace ty le n e  a n d  e th y le n e  a r e  com peting  
fo r  th e  same a d so rp t io n  s i te s  w ith  th e  fo rm er b e in g  more s t r o n g ly  
a d s o r b e d .
T ab le  5 show s th e  to ta l  e th a n e ,  e th y le n e  a n d  a c e ty le n e  y ie ld s  
an d  th e  [ 1 4 -C ] -e th a n e  a n d  [ 1 4 -C ] -e th y le n e  y ie ld s  ca lcu la ted  a t  d i f f e r e n t  
s ta g e s  of th e  h y d ro g e n a t io n  r e a c t io n .  T he  am oun ts  of [ 1 4 -C ] -e th y le n e  
p r e s e n t  in th e  reac t io n  m ix tu re  a t  a n y  s ta g e  of th e  reac t io n  as  m e a su re d  by  
r a d io - g a s  c h ro m a to g ra p h y  a r e  shown in F ig u re  64.
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CHAPTER SEVEN
THE REACTION OF ACETYLENE WITH HYDROGEN OVER 0.8%
P t / S i 0 2> 0.8% P t/A 1 2Q3 a n d  0.5% P t/M oQ 3 CATALYSTS
I t  was d e c id e d  to  p e r fo rm  a s e r ie s  of a c e ty le n e  h y d ro g e n a t io n  
r e a c t io n s  on th e  above  c a t a ly s t s  w ith th e  aim of com paring  th e i r  p r o d u c t  
d i s t r i b u t io n  a n d  h e n c e ,  th e i r  se le c t iv i ty  p ro f i le s  w ith  th o s e  o b ta in e d  on 
EU RO PT-1 a n d  EU RO PT-3 c a t a ly s t s  ( C h a p te r s  5 a n d  6 ) .
2 .06g  P t / S i 0 2> 3 .71g  P t /A ^ O ^  a n d  3 .71g  Pt/M oO ^ c a ta ly s ts  
w ere  r e d u c e d  a n d  t r e a t e d  a s  d e s c r ib e d  in sec tion  3 .6 .
A s e r ie s  of h y d ro g e n a t io n  re a c t io n s  w ere  c a r r i e d  o u t  on each  
c a t a ly s t  u s in g  p r e -m ix e d  50 T o r r  sam ples of a ( 3 : 1 ) ,  H 2 : C 2 H 2 m ix tu re .  
A f te r  adm ission  of th e  r e a c t a n t s  to  th e  re a c t io n  v e s s e l ,  t h e  p r o g r e s s  of 
each  r e a c t io n  was followed u s in g  th e  p r e s s u r e  t r a n s d u c e r  ( s ec t io n  3 .1 .1 .4 )  
a n d  b y  gas  c h ro m a to g ra p h ic  a n a ly s i s  of th e  p r o d u c t s  a t  r e g u la r  in te r v a l s  
th r o u g h o u t  th e  r e a c t io n  ( s e c t io n  3 .2 ) .
T h e  p r e s s u r e  fall a g a in s t  time c u rv e  a n d  p r o d u c t  d is t r ib u t io n  
p ro f i le s  o b ta in e d  with th e  0.8% P t / S i 0 2 c a ta ly s t  a r e  shown in  F ig u re  65. 
From th e s e  i t  can  b e  seen  t h a t  th e  re a c t io n  o c c u r r e d  in two s t a g e s .
In th e  f i r s t  s ta g e  (u p  to  100% c o n v e r s io n ) ,  e th y le n e  a n d  e th a n e  w ere 
p r o d u c e d  a s  th e  main p r o d u c t s .  In it ia l ly  th e  y ie ld  of th e  fo rm er was 
a b o u t  f ive  tim es h ig h e r  th a n  th a t  of th e  l a t t e r .  T h e  o n s e t  of th e  
second  s ta g e  was accom pan ied  by  an in c re a s e  in th e  r a t e  c o r r e s p o n d in g  
to th e  f u r t h e r  h y d ro g e n a t io n  of e th y le n e  to e th a n e .  T h e  se le c t iv i ty  of 
th e  c a ta ly s t  f o r  e th y le n e  p ro d u c t io n  d isp la y e d  a maximum v a lue  of
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ap p ro x im a te ly  0 .85  a t  30% co n v e rs io n  which d e c re a s e d  as  th e  reac tio n  
p ro c e e d e d .  T h is  com pares  w ith  th e  se lec tiv i ty  v a lu e  of ~ 0.30 e x h ib i te d  
by  EU RO PT-1 ( 6 % P t/S iO ^ )  c a ta ly s t  (C h a p te r  5).
H y d ro g e n a t io n  of ace ty le n e  o v er  th e  0.8% P t/A l^O ^  c a ta ly s t  
show ed p r e s s u r e  fa ll- tim e a n d  p ro d u c t  d is t r ib u t io n  c u r v e s  sim ilar to 
th o se  o b s e r v e d  w ith  EU RO PT-3 (0 . 3% P t /A l^ O ^ , s e c t io n s  6 .1  a n d  6 .2 ) ,  
th o u g h  th e  in i t ia l  s e le c t iv i ty  was s l ig h t ly  low er (~ 0 .4 0 ) ,  c . f .  ~ 0 .60 on 
EUROPT-3.
No a p p re c ia b le  re a c t io n  be tw een  ^ 2 ^ 2  anc  ^ ^ 2  was ° t )serve(  ^ to 
occur on th e  0.5% Pt/M oO^ c a t a ly s t ,  only  t r a c e s  of u n m e a su ra b le  am oun ts  
of e th a n e  a n d  e th y le n e  w ere  d e te c te d .
135
CHAPTER EIGHT
THE REACTIONS OF BUT A - 1, 3-DIENE WITH HYDROGEN OVER 
EU RO PT-1 AND EU RO PT-3 CATALYSTS
In th e  e n s u in g  s e c t io n s ,  th e  te rm s  b u t a - 1, 3 - d i e n e , b u t - l - e n e ,  
c i s - b u t - 2 - e n e ,  t r a i l s - b u t - 2 -ene  a n d  n - b u ta n e  will be  a b b r e v ia te d  to 1-3B,
1-B , c -2 -B ,  t -2 -B  an d  n - B , r e s p e c t iv e ly .
8 - 1 DEACTIVATION CURVES
F ig u re s  6 6  a n d  67 show some typ ica l p r e s s u r e  fall a g a in s t  time 
c u r v e s .  From th e s e  f ig u r e s  it can  be  seen  th a t ,  w ith 0 .003g EU RO PT-1 
(F ig u re  6 6 ) an d  0.249g (EU R O PT-3) (F ig u re  67), th e  re a c t io n  o c c u r r e d  in 
two d is t in c t  s t a g e s .  T h e  o n s e t  of th e  second  s ta g e  was accom panied  w ith  
an  in c re a s e  in th e  rea c t io n  r a t e .
T he  "acce le ra t io n  p o in t " ,  d en o ted  in F ig u re s  6 6  a n d  67 as -AP ,
3 .
o c c u r r e d  a t  a p r e s s u r e  fall of 12.9 ± 0 . 5  T o r r  (EU RO PT-1) a n d  of 14.5 ±
0.3 T o r r  (E U R O P T -3 ) .  A n a ly s is  of th e  reac t io n  p r o d u c t s  b y  gas  ch ro m a­
to g r a p h y  show ed th a t  n -B  an d  all th e  b u te n e s  (1 -B ,  c - 2 - B ,  t - 2 -B )  w ere  
form ed as  th e  in i t ia l  p r o d u c t s .  A f te r  th e  commencement of th e  s eco n d  s ta g e  
of th e  re a c t io n  th e  major p ro c e s s  o c c u r r in g  was th e  isom erisa tion  of 1-B to 
t -2 -B  an d  c -2 -B ,  to g e th e r  w ith  th e  h y d ro g e n a t io n  of th e  b u te n e s  to n - B .
T h e  f i r s t  s ta g e  of th e  re a c t io n  was found  to b e  f i r s t  o r d e r  in 
to ta l p r e s s u r e .  P lo ts  of &n (P q + AP) a g a in s t  time w ere  fo u n d  to be s t r a i g h t  
lines fo r  b o th  c a ta ly s t s  (F ig u re  6 8 ) ,  a n d  th e ir  g r a d ie n t s  can  b e  u s e d  to 
d e te rm ine  th e  f i r s t  o r d e r  r a t e  c o n s ta n t s  ( k ) .
A s e r ie s  of h y d ro g e n a t io n  r e a c t io n s ,  u s in g  m ix tu re s  of 12.5 
T o rr  1-3B a n d  37.5 T o r r  h y d r o g e n ,  w ere  c a r r i e d  o u t  c o n se c u t iv e ly  on
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th e  same c a ta ly s t  sam ple . The re a c t io n  v e s se l  was e v a c u a te d  for 30 
min a f t e r  each  re a c t io n  to  rem ove th e  g a se o u s  h y d r o c a r b o n s  w hich h a d  
fo rm ed .  F ig u r e s  66 a n d  67 show th e  v a r ia t io n  of th e  f i r s t  o r d e r  r a te  
c o n s ta n t  (k  min w ith  reac tio n  n u m b e r  fo r  b o th  c a t a ly s t s ,  from w hich 
i t  can  be seen  th a t  th e  r a te  of th e  rea c t io n  d e c re a s e d  with su c c e ss iv e  
r e a c t io n s  u n t i l  a c o n s ta n t  " s te a d y  s ta te "  a c t iv i ty  w as e v e n tu a l ly  a t t a in e d .  
T he  re a c t io n  r a t e  d id  n o t  te n d  to zero . H ow ever ,  as  it  can be n o t ic e d  
(F ig u r e  66) t h a t ,  d u r in g  th e  d eac tiv a tio n  p r o c e s s ,  th e  a c t iv i ty  could  be  
p a r t i a l ly  r e s t o r e d  (p o in t s  a , b )  b y  leav ing  th e  c a ta ly s t  in co n tac t  w ith 
H 2 fo r  ~ 15h. T h e  phenom enon of r e s to r in g  th e  o r ig in a l  a c t iv i ty  with 
t r e a tm e n t  is m ore p ro n o u n c e d  on EU RO PT-3 ( F ig u r e  67).
8 .2  EFFECT OF CATALYST DEACTIVATION ON SELECTIVITY
T h e  c h a n g e  of se lec tiv i ty  (S = p ^ ------ ) d u r in g  th e
B u te n e s  n -B
a c t iv a t io n  p r o c e s s  was s tu d ie d  by  in t ro d u c in g  a m ix tu re  of 12.5 T o r r  
1-3B a n d  37.5  T o r r  h y d ro g e n  to a f r e s h ly  r e d u c e d  c a ta ly s t  (0 .003g  
EU R O PT -1 , 0 .249g E U R O PT -3 ) .  Sam ples w ere  e x t r a c t e d  fo r  an a ly s is  b y  
gas  c h ro m a to g ra p h y  a t  a p r e s s u r e  fall of ~ 10 T o r r  (~  65% c o n v e r s io n ) .  
T h is  p r o c e d u r e  w as r e p e a te d  se v e ra l  times d u r in g  th e  p ro c e s s  of 
d e a c t iv a t io n .  I t  w as fo u n d  (T ab le  6) t h a t ,  w ith in  th e  ex p er im en ta l  
e r r o r ,  th e  s e le c t iv i ty  on b o th  c a ta ly s ts  show ed  alm ost id e n t ica l  v a lu es  as  
the  r e a c t io n  n u m b e r  was in c re a s e d  with a v e ra g e  v a lu e s  of 0.622 (EUROPT- 
1) a n d  0.599 (E U R O P T -3 ) .  I t  is  im p o r ta n t  to p o in t  o u t  h e r e  th a t ,  
t r e a tm e n t  of th e  c a t a ly s t s  w ith  100 T o r r  for 15h, on ly  in c re a s e d  th e  
se le c t iv i ty  b y  a b o u t  4% fo r  b o th  c a ta ly s ts  fo r  r e a c t io n s  p e r fo rm e d  
im mediately a f t e r  s u c h  t r e a tm e n t .
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T a b le  6 . E ffec t of C a ta ly s t  D eac t iva t ion  on S e lec tiv i ty
(EUROPT -1) (EU RO PT-3)
R eac tion  No. S e le c tiv i ty R eaction  No. S e le c t iv i ty
1 0.609 2 0.530
3 0.632 6 0.590
*
4 0.603 10 0.593
*
5 0.629 18 0.594
7 0.655 20 0.593
8 0.635 24 0.571
9 0.634 34 0.598
* *
14 0.620 37 0.579
16 0.620 39 0.616
18 0.638 42 0.589
20 0.618 43 0.583
*
R eac tio n s  c a r r i e d  o u t  a f t e r  th e  c a ta ly s t  h a d  been  t r e a te d  in fo r
15 h .
8 .3  BUTENE DISTRIBUTION ON STEADY STATE CATALYSTS
A s e r ie s  of re a c t io n s  w ere  c a r r i e d  ou t to exam ine th e  v a r ia t io n  
of th e  b u te n e  com position a n d  th e  s e le c t iv i ty  w ith th e  e x t e n t  of r e a c t io n .  
0 .007g EU RO PT-1 o r  0 .249g EU RO PT-3 was r e d u c e d  a n d  d e a c t iv a te d  b y  
c a r r y i n g  ou t a s e r ie s  of I - 3B /H 2 r e a c t io n s ,  a s  d e s c r ib e d  in th e  p r e v io u s  
se c t io n .  U sing  a h y d r o g e n : 1-3B ra t io  of 3 :1 ,  th e  p r o d u c t s  w ere  
e x t r a c t e d  fo r  a n a ly s i s  a f t e r  a f ix e d  p r e s s u r e  fall of ~ 10 T o r r .  T h e
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d is t r ib u t io n  of b u te n e s  from th e s e  r e a c t io n s  is shown in F ig u r e  69 
(E U R O PT -1) a n d  F ig u re  70 (E U R O P T -3 ) .  On b o th  c a t a ly s t s ,  d u r in g  
th e  f i r s t  s ta g e  of th e  re a c t io n  (u p  to ~ 1 0 0 % c o n v e rs io n )  , th e  y ie ld s  of 
1 - B , t -2 -B  a n d  c -2 -B  w ere  alm ost c o n s ta n t  with th e  com positions  76%,
16% a n d  6 %, r e s p e c t iv e ly .  At c o n v e rs io n s  h ig h e r  th a n  100%, th e  y ie ld  
of 1-B d e c re a s e d  r a p id ly  w ith  in c re a s in g  c o n v e rs io n .  In  th e  la te  s ta g e s  
of th e  r e a c t io n  ( ~ com pletion) th e  n -B  c o n s t i tu te d  almost ~ 100% of th e  
to ta l  p r o d u c t .
T he  v a r ia t io n  of s e le c t iv i t ie s  w ith r e s p e c t  to c o n v e rs io n  a re  
also  show n in F ig u re s  69 a n d  70. T h e  se lec t iv i ty  of EU R O PT -3 for 
b u te n e  fo rm ation  d e c re a s e d  from an  in i t ia l  va lue  of 0.60 to  a v a lu e  of 
0.50 a t  ~ 100% c o n v e r s io n .  H ow ever,  on EU RO PT-1, th e  s e le c t iv i ty  
sh o w ed  much slow er d e c re a s e  with % c o n v e rs io n .
8 .4  VARIATION ON SELECTIVITY WITH HYDROGEN AND 
B U T A -1, 3-DIENE PRESSURES
In  a s e r ie s  of e x p e r im e n ts  th e  ch an g e  in s e le c t iv i ty  w ith  th e  
v a r ia t io n  in p r e s s u r e s  of 1-3B a n d  ^  was in v e s t ig a te d .
S e r ie s  A
A sample of 0 .003g  (EU R O PT -1) o r  0.300g (EU R O PT -3) was 
r e d u c e d  in H^ a n d  t r e a t e d  a s  d e s c r ib e d  in sec tion  3 .6 .  T h e  c a ta ly s t s  
w ere  th e n  b r o u g h t  to  th e  s te a d y  s ta t e  a s  d e s c r ib e d  e a r l i e r .  R eac tio n s  
w ere th e n  c a r r i e d  o u t  w ith  th e  in i t ia l  1-3B p r e s s u r e  b e in g  k e p t  c o n s ta n t  
a t 12 .5  T o r r  while th e  in i t ia l  p r e s s u r e  was v a r ie d  b e tw ee n  10 a n d  
200 T o r r .  P r o d u c t s  w ere  a n a ly se d  b y  gas c h ro m a to g ra p h y  a f t e r  a 
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1 a re  shown in F ig u r e  71. From th e se  it can  be  seen  th a t  th e  b u te n e  
com position was in d e p e n d e n t  of th e  in itia l h y d ro g e n  p r e s s u r e .  H ow ever,  
th e  s e le c t iv i ty  show ed  a s l ig h t  d e c re a se  (~ 7%) as  th e  p r e s s u r e  of 
was in c re a s e d .  In  c o n t r a s t  w ith EUROPT-3 (F ig u re  72), th e  b u te n e  
d is t r ib u t io n  show ed  some d e p e n d e n c e  on p r e s s u r e .  A s l ig h t  fall in 
th e  1-B y ie ld  was o b s e r v e d  to  o ccu r  a s  th e  ^  p r e s s u r e  was e x te n d e d .  
T h is  d e c re a se  was accom pan ied  b y  a s l ig h t  in c re a se  in th e  am oun ts  of 
isom eric  t -2 -B  a n d  c -2 -B  p r o d u c e d ,  a l th o u g h  th e  s e le c t iv i ty  show ed  a 
s te a d y  d ro p  from an  in i t ia l  v a lue  of 0.70 to a v a lue  of 0.30 as  th e  
p r e s s u r e  in c re a s e d  from 10 T o r r  to a b o u t  110 T o r r .
S e r ie s  B
T h e  c a t a ly s t  sam ples  w hich  h a d  b een  u s e d  in s e r ie s  A w ere 
r e g e n e r a t e d  s ta t ic a l ly  in 100 T o r r  H 2 , as  d e s c r ib e d  in  s ec t io n  3 .10 , 
b e fo re  b e fo re  b e in g  cooled  in vacuo  to room te m p e r a tu r e .  T h e se  
c a ta ly s ts  w ere th e n  b r o u g h t  to s te a d y  s ta te  a c t iv i ty  u s in g  25 r e a c t io n s  
of ( 3 :1 ) ,  H ^ l ^ B ,  a s  d e s c r ib e d  in sec tion  8 .1 .  A s e r ie s  of re a c t io n s  
w ere p e r fo rm e d  on b o th  c a ta ly s t s  d u r in g  which th e  in i t ia l  1-3B p r e s s u r e  
was v a r ie d  b e tw ee n  5 a n d  200 T o r r ,  while th a t  of h y d r o g e n  was k e p t  
c o n s ta n t  a t  37 .5  T o r r .  P r o d u c t s  w ere a n a ly se d  b y  gas  c h ro m a to g ra p h y  
a t  a c o n s ta n t  p r e s s u r e  fall of -  10 T o r r  (~  50% c o n v e r s io n ) .  T he  
r e s u l t s  p r e s e n t e d  in F ig u r e s  71 (EU RO PT-1) a n d  72 (EU R O PT -3) show ed 
th a t ,  on b o th  c a t a ly s t s ,  t h e  b u te n e  d is t r ib u t io n  a n d  s e le c t iv i ty  w ere 
in d e p e n d e n t  of in i t ia l  1-3B p r e s s u r e .
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8 .5  THE REACTION ORDER WITH RESPECT TO HYDROGEN AND 
BU TA -1,3-D IEN E
T he c a ta ly s ts  u s e d  in sec tion  8 .4  w ere a c t iv a te d  a c c o rd in g  
to th e  s t a n d a r d  p ro c e d u r e  ( se c t io n  3 .6) an d  th e n  b r o u g h t  to th e  s te a d y  
s t a t e  a c t iv i ty ,  as  d e s c r ib e d  in sec tion  8 .1 .  T h e s e  c a t a ly s t s  w ere  u s e d  
fo r  th e  d e te rm in a tio n  of r e a c t io n  o r d e r s  w ith r e s p e c t  to h y d ro g e n  a n d  
1-3B on EU RO PT-1 a n d  E U R O PT -3 , r e s p e c t iv e ly .
U sing EU R O PT -1, th e  o r d e r  in was exam ined  b y  v a ry in g  
i t s  in i t ia l  p r e s s u r e  b e tw ee n  25 a n d  150 T o r r  w ith  a f ix ed  p r e s s u r e  of 
1-3B of 12.5 T o r r .  F ig u re  73 show s a plo t of log^Q in itia l  r a t e  a g a in s t  
th e  in it ia l  ^  p r e s s u r e .  From th i s ,  th e  o rd e r  w ith r e s p e c t  to  h y d ro g e n  
was fo u n d  to be  f i r s t  o r d e r .  T he  o rd e r  in 1-3B w as d e te rm in e d  u s in g  
in i t ia l  h y d ro c a rb o n  p r e s s u r e s  b e tw ee n  20 a n d  150 T o r r  a n d  a c o n s ta n t  
h y d r o g e n  p r e s s u r e  of 37.5  T o r r .  From th e  p lo t shown in F ig u re  74> 
an  o r d e r  of -0 .5 5  ± 0.01 w ith  r e s p e c t  to 1-3B was d e te rm in e d .
With EU R O PT -3 , th e  in itia l h y d ro g e n  p r e s s u r e  was v a r ie d  
b e tw ee n  10 a n d  120 T o r r  while th e  p r e s s u r e  of 1-3B w as k e p t  c o n s ta n t  
a t  12.5 T o r r .  T he  p lo t of l°g^Q in itia l  r a te  v e r s u s  log^Q in itia l  h y d ro g e n  
p r e s s u r e  (F ig u re  75) y ie ld e d  a s t r a i g h t  line w ith  a s lope v a lu e  of 
0 .90 ± 0 .03 .  U sing  p r e s s u r e s  of 1-3B of b e tw ee n  10 a n d  120 T o r r  a n d  
a c o n s ta n t  H^ p r e s s u r e  of 37 .5  T o r r ,  th e  o rd e r  w ith  r e s p e c t  to 1-3B 
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F ig u re  73. T h e  v a r ia t io n  of initia l r a t e  w ith H 2 p r e s s u r e  of 
b u t a - l , 3 - d i e n e  h y d ro g e n a t io n  on E U R O PT -1.
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F ig u re  74. T h e  v a r ia t io n  of initia l r a te  w ith p r e s s u r e
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F ig u re  75. T h e  v a r ia t io n  of in itia l r a t e  w ith  p r e s s u r e
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F ig u re  76. T h e  v a r ia t io n  of in i t ia l  r a t e  with b u t a - 1 , 3 -d iene  p r e s s u r e  in 






8 . 6  THE TEMPERATURE DEPENDENCE OF THE BUTENE DISTRIBUTION 
AND THE ACTIVATION ENERGY OF THE REACTION
In a s e r ie s  of r e a c t io n s  o v e r  a s te a d y  s ta te  0 .003g EUROPT-1 
c a t a ly s t ,  th e  v a r ia t io n s  in b u te n e  d i s t r ib u t io n ,  s e le c t iv i ty  a n d  in itia l 
r e a c t io n  r a t e  w ere  s tu d ie d  as  a fu n c t io n  of t e m p e ra tu r e .  All th e  r e a c t io n s  
w ere  c a r r i e d  o u t  u s in g  a h y d r o g e n :  1-3B ra t io n  of 3:1 a n d  th e  p r o d u c t s  
w ere  e x t r a c te d  fo r  a n a ly s i s  b y  gas  c h ro m a to g ra p h y  a t  a p r e s s u r e  fall of 
~ 10 T o r r  (~ 50% c o n v e r s io n ) .  T h e  te m p e ra tu re  r a n g e  s tu d ie d  was b e tw ee n  
-5  an d  +180°C. As can  b e  seen  from F ig u re  77, th e  1-B y ie ld  show ed a 
t e m p e ra tu r e  d e p e n d e n c e .  I t  d e c re a se d  as  th e  te m p e ra tu r e  was in c re a s e d ,  
w h ils t  th e  t r a n s : c i s  r a t io  a p p e a r e d  to b e  almost in d e p e n d e n t  of t e m p e ra tu r e .  
T h e  se le c t iv i ty  show ed  a s te a d y  d e c re a se  in th e  te m p e ra tu r e  r a n g e  -5 °  to 
+ 100°C, w h e re a s  it in c r e a s e d  as  th e  te m p e ra tu re  was in c re a s e d  from 100° 
to  180°C .
T he  p lo t  of log-^Q initia l r a t e  a g a in s t  th e  r e c ip ro c a l  of a b so lu te  
t e m p e ra tu r e  (F ig u re  78) p r o d u c e d  a s t r a i g h t  line from w hich an  ac t iv a t io n  
e n e r g y  of 41.05 ± 1 k J  mol  ^ was o b ta in e d .
In  a s e r ie s  of r e a c t io n s ,  0.077g s te a d y  s ta t e  EU RO PT-3 c a ta ly s t  
was u s e d  to in v e s t ig a te  th e  b u te n e  d i s t r ib u t io n  a n d  th e  re a c t io n  r a t e  in 
th e  t e m p e ra tu r e  r a n g e  5 -95°C . Sam ples from th e  reac t io n  p r o d u c t s  w ere 
aga in  e x t r a c t e d  a f t e r  a p r e s s u r e  fall of ~ 10 T o r r  (~ 50% c o n v e rs io n )  fo r  
a n a ly s is  by  gas  c h ro m a to g ra p h y .  As shown in F ig u re  79, th e  se le c t iv i ty  
rem a in ed  c o n s ta n t  w ith  in c re a s in g  th e  te m p e ra tu r e  from 5° to  80°C, while 
it d e c re a s e d  as  th e  te m p e r a tu r e  was r a i s e d  > 80°C. T he  1-B y ie ld  a n d  
th e  t r a n s : c i s  r a t io  sh o w ed  alm ost no d e p e n d e n c e  of t e m p e r a tu r e .  An 
ac t iv a t io n  e n e rg y  of 49.64 ± 1 k J  mol  ^ was o b ta in e d  from th e  p lo t of log^Q 
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THE SULPHUR POISONING OF PLATINUM CATALYSTS
S u lp h u r  co m p o u n d s ,  e spec ia lly  h y d ro g e n  s u lp h id e ,  H^S, a r e  
well know n as  po ison ing  a g e n t s  in h e te ro g e n e o u s  c a ta ly s i s .  T h e i r  
p r e s e n c e  can h av e  e i th e r  benefic ia l  o r  d e tr im en ta l  e f f e c t s  on c a ta ly t ic  
r e a c t io n s .  From th e  r e s u l t s  o b ta in e d  in th is  s tu d y  of a c e ty le n e  a n d  
b u t a - 1 , 3 -d ien e  h y d ro g e n a t io n s  on EUROPT-1 c a t a ly s t s ,  i t  w as a p p a r e n t  
th a t  th i s  c a ta ly s t  p o s s e s s e d  a poor  s e le c t iv i ty  (~  0 .30) fo r  th e  p r o d u c t ­
ion of m ono-olefins  from th e  c o r re s p o n d in g  d i - u n s a t u r a t e d  h y d r o c a r b o n .  
F o r  th i s  r e a s o n  it  was d e c id ed  to in v e s t ig a te  th e  e f fe c ts  of th e  a d s o r p t ­
ion of H^S on th e  a d s o rp t io n  c h a ra c te r i s t i c s  of C^H^, ^ 3 ^ 4  anc  ^ on 
th e  s e le c t iv i ty  of C^H^/H^ a n d  C^H^/H ^ h y d ro g e n a t io n  p r o c e s s e s  on 
EU R O PT -1 . Similar H^S a d s o rp t io n  s tu d ie s  w ere  also c o n d u c te d  on th e  
o th e r  c a ta ly s t s  u s e d  in th i s  w o rk ,  nam ely , EU R O PT -3, 0.8% P t/A l^O ^  a n d  
0.8% P t / S K ^  c a ta ly s t s  fo r  com para tive  p u r p o s e s .
9.1  [ 3 5 - S ] - H 3S ADSORPTION ON FRESHLY REDUCED AND STEADY
STA TE EUROPT-1 CATALYSTS
A 0.1342g EU RO PT-1 c a ta ly s t  was r e d u c e d  a n d  a c t iv a te d  as  
d e s c r ib e d  in th e  ex p e r im e n ta l  p ro c e d u re  (sec tio n  3 .6 ) .  C o n tro l led  
a l iq u o ts  of [3 5 -S ]-H 2 S  w ere  ad m itted  to th e  r e a c t io n  v e s s e l  a n d  th e  
s u r f a c e  a n d  g as  p h a s e  c o u n t  r a t e s  w ere d e te rm in e d  a f t e r  each  a d d i t io n .
F ig u re  80 show s an a d s o rp t io n  iso th e rm  fo r  [3 5 -S ]-H 2 S  
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a n d  -C ^H ^ a d s o r p t io n s ,  th is  show ed two d is t in c t  r e g io n s ,  a s teep  
p r im a ry  reg ion  followed by  a l in ea r  s e c o n d a ry  r e g io n .  T h e  s e c o n d a ry  
re g io n  of th e  a d s o rp t io n  iso therm  c o n t in u e d  to in c re a s e  l in e a r ly  w ith 
in c re a s in g  gas p r e s s u r e .  No p la te a u  reg io n  was o b s e r v e d  a l th o u g h  a 
gas  p r e s s u r e  in e x c e s s  of ~ 20 T o r r  was u s e d .  H o w ev er ,  a b o u t  5% of th e  
to ta l  am ount of th e  [ 35 -S ] - a d s o rb e d  sp ec ie s  was rem o v ed  b y  ev ac u a t io n  
fo r  30 min. A dm ission  of f u r t h e r  a l iq u o ts  of p S - S J - H ^ S  to  th e  c a ta ly s t  
(2 n d  a d so rp t io n  iso th e rm ,  F ig u re  80) show ed a c o n t in u o u s  b u i ld -u p  of 
th e  s u lp h u r  s p e c ie s  on th e  c a ta ly s t  u n t i l  a p la te a u  r e g io n  was r e a c h e d .  
S u b s e q u e n t  e v ac u a t io n  of th e  c a ta ly s t  fo r  30 min rem o v ed  ~ 5% of th e  
a d s o r b e d  sp e c ie s ,  t h a t  i s ,  th e  s u r f a c e  c o u n t  r a t e  d ro p p e d  from a v a lu e  
of 17967 to 17063 c o u n ts  min T h is  l a t t e r  v a lu e  w as ta k e n  as  to
c o r r e s p o n d  to th e  com pletion of m onolayer c o v e ra g e  a n d  u s e d  to ca lcu la te
0  c in th e  s u b s e q u e n t  po ison ing  e x p e r im e n ts .
2
When [ 3 5 - S ] - H 2 S a d s o rp t io n  on a s te a d y  s ta t e  c a t a ly s t  was 
in v e s t ig a t e d ,  0 .1356g of EUROPT-1 was r e d u c e d  a n d  t r e a t e d  in th e  
s t a n d a r d  m anner  a n d  was th e n  d e a c t iv a te d  to  th e  s te a d y  s t a t e  b y  30 
r e a c t io n s  u s in g  a 1 : 3 1 : 0 2 ^ : ^  m ix tu re .  A [ 3 5 - S ] - H 2 S iso the rm  was 
b u i l t - u p  on th e  c a ta ly s t  by  adm itt ing  s u c c e s s iv e  a l iq u o ts  of th e  r a d io ­
a c t iv e  h y d ro g e n  s u lp h id e .  As can b e  seen  in F ig u re  80, th e  e x t e n t  of 
s u lp h u r  a d s o rp t io n  on th e  p r im a ry  r e g io n  was s u b s ta n t i a l ly  r e d u c e d .  
A l th o u g h  th e  am ount a d s o r b e d  in th e  s e c o n d a ry  re g io n  was le ss  th a n  
th a t  a d s o r b e d  on th e  f r e s h ly  r e d u c e d  c a t a ly s t ,  th e  iso th e rm  h a d  a 
sim ilar g r a d ie n t .  E vacu a tio n  of th e  s te a d y  s ta te  c a ta ly s t  fo r  30 min 
rem o v e d  ~ 8 . 8 % of th e  to ta l  a d s o rb e d  s p e c ie s .
144
9 .2  [14-C]-ACETY LEN E ADSORPTION ON [ 3 5 -S ] -H 0S POISONED
CATALYSTS
To a 0.1233g sample of EU RO PT-1 c a t a ly s t ,  a small p u ls e  of
[ 3 5 - S ] - H 2 S w as ad m itted  a n d  le f t  in c o n ta c t  w ith  th e  s u r f a c e  fo r  15
min. T h e  re a c t io n  v e s se l  was th e n  e v a c u a te d  for 15 min to rem ove  a n y
w eak ly  b o u n d  s p e c ie s .  From th e  am ount of ra d io a c t iv i ty  r e c o r d e d
a f t e r  th e  e v ac u a t io n  p ro c e s s  a n d  th e  s u lp h u r  s a tu ra t io n  va lue
(s e e  sec tio n  9 .1 ) ,  th e  f ra c t io n a l  c o v e ra g e  ( 0 H Q) was d e te rm in e d .  A
2
[1 4 -C ]-C 2 H 2  a d s o rp t io n  iso the rm  was th e n  d e te rm in e d  in th e  norm al 
m a n n e r  ( se c t io n  4 . 1 .1 ) .  T h is  p r o c e s s  was r e p e a te d  with a n o th e r  
c a t a ly s t  sample of th e  same w e ig h t u s in g  iden tica l c o u n t in g  g e o m e try .  
F ig u r e  81 show s a s e r ie s  of [14 -C J-C 2H 2  a d s o rp t io n  iso th e rm s  o b ta in e d  
on [ 3 5 - S ] - H 2 S p o iso n ed  c a t a ly s t s .  From th e se  i t  can be  seen  t h a t ,  p r e ­
a d s o rp t io n  of s u lp h u r  on th e  c a ta ly s t  s u p p r e s s e d  c o n s id e ra b ly  th e  
am o u n ts  of [14 -C ]-C 2H 2  th a t  cou ld  b e  a d s o rb e d  com pared  w ith  th o s e  on 
a s u lp h u r - f r e e  s u r f a c e .  T h is  e f fe c t  was more p ro n o u n c e d  in th e  
s e c o n d a ry  a d s o rp t io n  r e g io n .  A dm ission of [14 -C ]-C 2H 2 on to c a t a ly s t s  
w ith  h ig h  s u lp h u r  c o v e ra g e s ,  0 ^  g > 0 . 1 , r e s u l t e d  in an  in te r a c t io n  
b e tw e e n  th e  s u lp h u r  an d  th e  a c e ty le n e  molecules le ad in g  to  a c o n t in u o u s  
d ro p  in th e  s u r f a c e  r a d io a c t iv i ty .  T h e  e f fec t  of ev ac u a t io n  on th e  
























































9 .3  [ 14-C]-ETHYLENE ADSORPTION ON [3 5 -S ] -H 2S POISONED
CATALYSTS
In  a s e r ie s  of a d s o rp t io n  e x p e r im e n ts  on t ^ S  p o iso n ed  c a t a ly s t s ,
sam p les  of EUROPT-1 w ere r e d u c e d  in flowing a n d t r e a t e d  a s  d e s c r ib e d
in sec t io n  3 .6 . C o n tro l led  p r e s s u r e s  of [SS-SJ-H ^S w ere  a d m it te d  to th e s e
c a t a ly s t s  a n d  le ft  to e q u i l ib ra te  w ith th e  s u r f a c e  fo r  15 min b e fo re  th e
s y s tem  was e v a c u a te d  fo r  15 min to rem ove  a n y  weakly a d s o r b e d  s u lp h u r
s p e c ie s .  T h is  was followed by  m e a su r in g  th e  [14 -C ]-C 2H ^ a d s o rp t io n
is o th e rm s .  F ig u re  82 show s a s e r ie s  of a d s o rp t io n  iso th e rm s  o b ta in e d
for th e  a d so rp t io n  of [1 4 -C ]^ 2 ^  on th e  S -p o iso n e d  c a t a ly s t s .  T h e
s t r i k i n g  f e a tu r e s  em erg ing  from th e se  iso th e rm s  a re  t h a t ,  a t  0 U c
2
b e tw e e n  0 .2  a n d  0 .5 ,  s u lp h u r  r e d u c e d  re m a rk a b ly  the  a d s o r p t iv e  c a p a c i ty  
of th e  c a t a ly s t s  for a d s o rp t io n  in th e  s e c o n d a ry  a d s o rp t io n  r e g io n .
At Opj g > 0 .5 ,  an e n h a n c e d  u p ta k e  of e th y le n e  was o b s e rv e d  to o c c u r  in 
p a r t i c u l a r  in the  p r im ary  a d so rp t io n  r e g io n .  H ow ever,  a s  th e  p r e s s u r e s  
of w ere  in c re a s e d ,  a c o n t in u o u s  d ro p  in th e  s u r fa c e  c o u n t  r a t e s
was o b s e r v e d ,  s u g g e s t in g  th e  o c c u r r e n c e  of an  in te ra c t io n  b e tw e e n  th e  
p r e - a d s o r b e d  s u lp h u r  and  th e  m olecules. E vacuation  of th e
re a c t io n  v e s s e l  fo r  30 min a f t e r  each  a d s o rp t io n  iso the rm  r e s u l t e d  in a 
d e c r e a s e  in th e  s u r fa c e  c o u n t  r a t e  to  a v a lue  c o r re s p o n d in g  to  th e  
tu r n i n g  p o in t  of th e  a d s o rp t io n  iso th e rm s .  T h e  e x te n t  of s u l p h u r -  
in d u c e d  s u p p re s s io n  of th e  a d s o rp t io n  c a p a c i ty  was le ss  w ith  e th y le n e  









































9 .4  [14-C  1-CARBON MONOXIDE ADSORPTION ON [3 5 -S ]H 2S 
POISONED CATALYSTS
0.0522g sam ples of r e d u c e d  EU RO PT-1 w ere  u s e d .  C o n tro l le d  
q u a n t i t i e s  of [BB-Sl-H^S w ere  ad m it ted  to th e  f r e s h ly  r e d u c e d  c a t a ly s t s  
a n d  le f t  in c o n ta c t  w ith th e  s u r f a c e  fo r  a p e r io d  of 15 min, a f t e r  w hich  
th e  r e a c t io n  v e s s e l  was e v a c u a te d  fo r  15 min to rem ove th e  gas  p h a s e  
a n d  a n y  p h y s ic a l ly  b o u n d  H ^S. C a rb o n  monoxide a d s o rp t io n  is o th e rm s  
w ere  o b ta in e d  b y  adm itt ing  s u c c e s s iv e  a l iq u o ts  of [1 4 -C ]-C O  to th e  
S -p o is o n e d  c a t a ly s t s ,  as  d e s c r ib e d  in sec tion  4 .3 .1 .  T h e se  show n in 
F ig u r e  83. E vacu a tio n  of th e  re a c t io n  v e s s e l  fo r  30 min r e s u l t e d  in th e  
rem oval of ca .  10% of th e  in i t ia l ly  a d s o r b e d  CO.
9 .5  EFFECTS OF [3 5 - S ] - H 2S ON THE SELECTIVITY OF ACETYLENE 
HYDROGENATION
In  a s e r ie s  of a c e ty le n e  h y d ro g e n a t io n  r e a c t io n s  u s in g  d i f f e r e n t
P t - c a t a l y s t s , th e  se lec t iv i t ie s  on th e s e  c a ta ly s ts  w ere  s tu d ie d  a s  a
fu n c t io n  of ^ S - u p t a k e .  C o n tro l le d  p u ls e s  of [ 3 5 - 5 1 - ^ 5  w ere  a d m it te d
to th e  c a t a ly s t  s u r f a c e s  a n d  le f t  to  e q u i l ib ra te  fo r  15 min, followed b y
15 min ev ac u a t io n  of th e  r e a c t io n  v e s s e l .  A 3: 1 :: H-,: C 0 H^ m ix tu re  was
2 2 2
th e n  in t r o d u c e d  to th e  re a c t io n  v e s s e l  a n d  th e  e x t e n t  of th e  re a c t io n
was m o n ito red  by  th e  p r e s s u r e  t r a n s d u c e r .  A t p r e s s u r e  fall of 10 T o r r ,
th e  p r o d u c t s  w ere  a n a ly se d  b y  th e  g as  c h ro m a to g ra p h .  T h is  p r o c e d u r e
was r e p e a t e d  with v a r io u s  a m o u n ts  of p r e - a d s o r b e d  H^S.
F ig u re  84 shows th e  v a r ia t io n  of s e le c t iv i ty  w ith H ^ S -c o v e ra g e
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( 6 % P t/S iO ^ )  a n d  0 . 8 % Pt/S iC >2 c a t a ly s t s ,  th e  s e le c t iv i ty  d e c r e a s e d  
c o n s id e ra b ly  as  th e  p r e s s u r e  of was in c re a s e d .  T h e  e f fec t  was
g r e a t e r  w ith th e  fo rm er c a ta ly s t  as  com pared  w ith  th e  l a t t e r .  On 
EU R O PT -3 (0.3% P t /A ^ O ^ )  a n d  0.8% P t /A ^ O ^  c a t a ly s t s ,  th e  p r e s e n c e  
of s u lp h u r  was benefic ia l  in th a t  a s te a d y  in c re a s e  in th e  s e le c t iv i ty  
o c c u r r e d  as  th e  F ^ S -c o v e ra g e  was in c re a s e d .  T h e  s e le c t iv i ty  d id  n o t  
te n d  to a zero  v a lu e  a s  th e  s u lp h u r  c o v e ra g e  was in c re a s e d .
When [ 3 5 - S ] - H 2 S was p re -m ix e d  w ith  th e  re a c t io n  m ix tu re s  
b e fo r e  th e  h y d ro g e n a t io n  r e a c t io n s ,  th e  e f fec t  on th e  se le c t iv i ty  w ith  
each  c a ta ly s t  was id e n t ica l  to th a t  d e s c r ib e d  ab o v e .
T he  h y d ro g e n a t io n  of a c e ty le n e  in th e  p r e s e n c e  of [ 14—C ] — 
e th y le n e  was also  exam ined  on s u lp h u r - p o is o n e d  c a t a ly s t s  to gain  f u r t h e r  
k n o w led g e  a b o u t  th e  e f fec t  of s u lp h u r  on th e  d i f f e r e n t  re a c t io n  p a th w a y s  
in th e  a ce ty le n e  h y d ro g e n a t io n  on EUROPT-1 c a t a ly s t s .  0 .233g sam ples  
of th e  r e d u c e d  c a ta ly s t s  w ere  p o iso n ed  w ith  know n am oun ts  of s u lp h u r  
a s  d e s c r ib e d  in sec t io n s  3 .6  a n d  9 .1 .  T he  am o u n ts  of ra d io a c t iv i ty  in 
th e  in d iv id u a l  re a c t io n  p r o d u c t s  was d e te rm in e d  u s in g  r a d io - g a s  ch ro m a ­
to g r a p h y .  F ig u re  85 a n d  T ab le  7 show th e  r e s u l t s  o b ta in e d  on EU RO PT- 
1 fo r  th e  h y d ro g e n a t io n  of 12.5 T o r r  ^ 2 ^ 2  37.5  T o r r  H ^ w hen 2, 4
a n d  5 T o r r  [1 4 -C ]-C 2 H ^  w ere  a d d e d  b e fo re  adm ission  to th e  re a c t io n  
v e s s e l  c o n ta in in g  th e  p o iso n ed  c a t a ly s t s .  As o b s e r v e d  on th e  s u l p h u r -  
f r e e  c a ta ly s t s  ( s e c t io n  5 .7 ) ,  th e  am ount of [ 1 4 -C ] -e th a n e  p r o d u c e d  
c o n s t i tu t e d  only  a small f ra c t io n  (~  1 %) of th e  to ta l  e th a n e  y ie ld ,  
r e la t iv e  to th e  am ount e x p e c te d  from th e  am oun ts  of a d d e d  [M -C J-C ^ H ^  
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F ig u re  8 6  show s th e  a m o u n ts  of [14 -C ]-C 2 H ^  p r e s e n t  d u r in g
th e  h y d r o g e n a t io n  r e a c t io n s  as  m e a su re d  b y  r a d io - g a s  c h ro m a to g ra p h y .
T he  phenom enon  of e n h a n c e d  s e le c t iv i ty  on EUROPT-3 w ith
in c r e a s e d  H^S p r e s s u r e  was s tu d ie d  in some detail by  exam in ing  th e
a d s o r p t io n s  of a c e ty le n e ,  e th y le n e  a n d  c a rb o n  monoxide.
Samples of 0 .2 7 g ,  0 .24g  a n d  0 .27g  EUROPT-3 w ere  r e d u c e d
a n d  t r e a t e d  in th e  s t a n d a r d  m a n n e r  a n d  p o iso n ed  with [ S S - S j - t ^ S
c o r r e s p o n d in g  to s u lp h u r - c o v e r a g e  of 0  ~ 0 .25 a n d  w ere u s e d  r e s p e c t -
2
iv e ly  fo r  th e  d e te rm in a tio n  of [ ^ - C j - C ^ H ^ ,  a n d  -CO a d s o r p t io n s .
F ig u r e  87 show s th e  a d s o rp t io n  is o th e rm s  of th e s e  a d s o rb a te s  on f r e s h ly  
r e d u c e d  a n d  H ^S -po isoned  c a t a ly s t s .  One of th e  major d i f f e re n c e s  to 
be  n o t ic e d  b e tw ee n  th e  p o iso n ed  a n d  th e  c lean  c a ta ly s ts  was th e  e x t e n t  
of th e  s e v e r e  r e d u c t io n  in th e  p r im a ry  a d s o rp t io n  reg ion  of all th e  
a d s o r b a t e s  on th e  p o isoned  c a t a ly s t s .  In  a d d i t io n ,  on th e s e  c a t a ly s t s ,  
th e  s h a p e s  of th e  s e c o n d a ry  r e g io n s ,  in p a r t i c u la r  for a n d  CO,
show ed  s ig n if ic a n t ly  d i f f e r e n t  b e h a v io u r  from th o se  o b s e rv e d  on th e  
f r e s h ly  r e d u c e d  c a t a ly s t s ,  in th e  s e n s e  t h a t  th e y  co n t in u ed  to  in c re a s e  
s h a r p ly  a s  f u r t h e r  gas  was a d m it te d  to th e  re a c t io n  v e s s e l .
9 .6  EFFECTS OF [ 3 5 - S ] - H 2S ON THE SELECTIVITY OF B U T A -1 ,3 -  
DIENE HYDROGENATION
In  o r d e r  to gain more kn o w led g e  co n c e rn in g  th e  H ^S -po ison ing  
m echan ism , th e  e f fe c t  of s u lp h u r  on s e le c t iv i ty  was also exam ined  fo r  
b u t a - 1, 3 -d iene  h y d ro g e n a t io n  on th e  E U R O P T -c a ta ly s ts .
Samples of 0 .051g (E U R O PT -1) a n d  0.427g (EU RO PT-3) w ere
u s e d .  A f te r  re d u c t io n  p u l s e s  of I ^ S  w ere  in t ro d u c e d  to th e  c a t a ly s t s
o  
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b e fo re  each  rea c t io n  a n d  th e  e x t e n t  of p o iso n in g  d e te rm in e d ,  a s  
d e s c r ib e d  in section  3 .6 .  T he  p r o d u c t s  of th e  h y d ro g e n a t io n  r e a c t io n  
w ere  e x t r a c t e d  fo r  a n a ly s is  b y  gas  c h ro m a to g ra p h y  a t  a p r e s s u r e  d ro p  
of ~ 10 T o r r .  T he  r e s u l t s  shown in F ig u re  8 8  r e v e a le d  i n t e r e s t in g  
f e a t u r e s ,  in th a t ,  on E U R O PT -3, th e  s e le c t iv i ty  fo r  b u te n e s  in c r e a s e d  
n o t ic e a b ly  as  th e  p r e s s u r e  of l ^ S  was in c re a s e d .  H ow ever,  th e  
r e v e r s e  was fo u n d  for EU RO PT-1. T h e s e  e f fe c ts  a r e  c lea r ly  shown b y  
th e  r e s u l t s  p r e s e n t e d  in F ig u re  89.
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CHAPTER TEN
THE FTIR -IN FR A  RED STUDIES OF THE ADSORBED SPECIES
T h e  n a t u r e  of th e  sp ec ie s  p r e s e n t  on th e  s u r f a c e  following th e  
a d s o rp t io n  of th e  v a r io u s  h y d r o c a r b o n s  and  ca rbon  monoxide was in v e s t i ­
g a te d  b y  F o u r ie r  t r a n s fo rm  in f r a  r e d  s p e c t ro s c o p y .  Two m ethods  w ere  
u s e d .  T he  c a ta ly s t  sam ples w hich h a d  been  s u b je c te d  to [ 1 4 -C ] - ra d io -  
t r a c e r  a d so rp t io n  o r  to  0 2 ^ / ^  h y d ro g e n a t io n  re a c t io n s  w ere  exam ined  
u s in g  th e  in s i tu  cell (F ig u re  23). D irec t  in v e s t ig a t io n  of th e  
a d s o rp t io n  of th e s e  m olecules by  th e  IR system  was p e r fo rm e d  u s in g  th e  
d i f fu s e  r e f le c ta n c e  cell (D R IFT S) (F ig u r e  24). T he  d e ta i ls  of th e  
e x p e r im e n ta l  p r o c e d u r e s  em ployed in  th e s e  ex p e r im e n ts  a re  d e s c r ib e d  in 
se c t io n  3 .9 . In  th e  D RIFTS e x p e r im e n t s ,  th e  s p e c t r a  following th e  
a d s o rp t io n  of ^ 2 ^ 2  an d  C^H^ on EU RO PT-1 a t  room te m p e r a tu r e  a re  shown 
in  F ig u re  S O , T h e  s p e c tru m  of th e  a d s o rb e d  spec ie s  a f te r  s u b t r a c t in g  
th e  b a c k g r o u n d  a n d  gas  p h a s e  s p e c t r a  show ed a s ing le  b a n d  a t  ca. 1293 
cm T h is  b a n d ,  w hich  h a s  also b e e n  o b s e rv e d  by  B eeb e  e t  a l .  (184)
fo r  an d  C^H^ on P d /A ^ O ^  a n d  can  be  a s s ig n e d  to th e  s u r fa c e
e th y l id y n e  s p e c ie s  -^C-CH^. In  c o n t r a s t ,  w hen th e  c a ta ly s t  sam ples of 
EU R O PT -1  an d  0.8% P t / S K ^  had  b e e n  d e a c t iv a te d  in a s e r ie s  of a ce ty le n e  
h y d r o g e n a t io n  a n d  th e n  exam ined  b y  F T IR ,  th e i r  in s i tu  IR s p e c t r a  
(F ig u r e  9 1 )  d is p la y e d  small b a n d s  in  th e  re g io n  2974-2884 cm  ^ an d  
in t e n s e  b a n d s  a t  2081 cm 1975 cm 1840 cm \  1705 cm \  1693 cm  ^
a n d  1374 cm \  T h e  b a n d s  a t  2081 cm  ^ a n d  1705 cm  ^ d i s a p p e a r e d  as 



























































































B a s e d  on th e  l i t e r a tu r e  d a ta  (2 2 ,3 4 ,3 5 ) ,  th e  b a n d s  a t  2974-2884 cm  ^
a n d  1374 cm  ^ w ere  a s s ig n e d  to th e  CH^ g ro u p  a n d  a re  in d ica tiv e  of 
th e  p r e s e n c e  of su r fa c e  a lky l s p e c ie s .  While th e  b a n d  at 1693 cm  ^
h a s  b e e n  a t t r i b u t e d  to  C=C s t r e t c h in g  a n d  is c h a r a c te r i s t i c  of a s u r f a c e  
s p e c ie s  s u c h  as  PtCH =CH Pt. T he  b a n d s  a t  2081 cm \  1975 cm  ^ an d  
1840 cm  ^ a r e  l ike ly  to be  due  to  th e  a d s o rp t io n  of th e  h y d ro c a rb o n  
m olecules on th e  s u p p o r t  m a te ria l .
T h e  D RIFTS s p e c t r a  of th e  a d s o rp t io n  of CO on th e  d i f f e re n t  
c a t a ly s t s  a r e  shown in F ig u re 9 2  , (E U R O T P -1 ) ,  F ig u re  93, (0.8% P t /S iO ^ ,  
0.5% Pt/M oO ^) a n d  F ig u re  94, (E U R O PT -3 , 0.8% P t/A l^ O ^)-  T he  s p e c t r a  
of a d s o r b e d  CO on EUROPT-1 show ed  a b a n d  a t  2086 cm  ^ a n d  a 
com panion  s h o u ld e r  a t  2 1 2 2  cm  ^ w hile , on th e  0 . 8 % P t/S iO ^  an d  0.5% 
Pt/M oO ^ c a t a ly s t s ,  CO a d s o rp t io n ,  p r o d u c e d  a s ing le  s h a rp  b a n d  at
2086 cm On EUROPT-3 an d  0.8% P t/A l^O ^  c a t a ly s t s ,  CO a d s o rb e d
on ly  in  th e  l in e a r  form, r e s p e c t iv e ly ,  g iv in g  r i s e  to b a n d s  a t  2124 cm \
2087 cm  ^ a n d  2070 cm T h e se  b a n d s  d i s a p p e a r e d  completely b y  th e
e v a c u a t io n  of th e  EUROPT-3 c a ta ly s t  while on ly  therm al t r e a tm e n t
(u p  to  250°C) was r e q u i r e d  to rem ove  th e  a d s o r b e d  CO from th e  0.8% 
P t/A l^ O ^  c a ta ly s t  (ex c e p t  fo r  th o s e  s p e c ie s  c o r re s p o n d in g  to  th e  2124 
cm  ^ b a n d )  .
T h e  c a ta ly s t  sam ples of E U R O PT -1 , EU RO PT-3 an d  0.8%
P t /S iO ^  w hich  w ere  f i r s t  s u b je c te d  to  [1 4 -C ]-C O  a d s o rp t io n s  in o r d e r  to 
look a t  th e  s h a p e  of th e i r  a d s o rp t io n  is o th e rm s  w ere  s u b s e q u e n t ly  
ex am in ed  by  th e  IR s p e c t ro s c o p y  u s in g  th e  in s i tu  cell. As it  can  b e  
s e e n  from th e  s p e c tru m  ( F ig u re  9 5 ) ,  t h e s e  c a ta ly s t s  con ta in ed  moieties 
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th e  b a n d s  a t  1685 cm  ^ (C = C ),  1632 cm  ^ (C -C )  a n d  1440 cm  ^ (CH^ 
g r o u p ) .  T he  b a n d  a t 1685 cm  ^ a p p e a r e d  as th e  c a ta ly s t  (EU R O PT-1) 
was h e a te d  a t  e le v a te d  te m p e ra tu r e s  followed b y  e v a c u a t io n .  
I n t e r e s t i n g l y ,  th e s e  sp ec ie s  w ere likely  to  be  evo lved  b y  th e  h y d r o g e n ­
a t io n  of CO b y  th e  w hich was r e t a in e d  on th e  c a ta ly s t  metal a n d / o r  
on th e  s u p p o r t  a f t e r  th e  r e d u c t io n  p r o c e s s .  A b a n d  a t 1886 cm  ^ h a s  
also  a p p e a r e d  in th e  s p e c t r a  of th e  EU RO PT-1 an d  th e  0.8% P t/S iO ^  
( F ig u r e  95) w hich is r e p r e s e n t a t i v e  of th e  a d s o rb e d  b r id g e d  form of 
c a rb o n  m onoxide.
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CHAPTER ELEVEN 
THE PHYSICAL CHARACTERISATION OF THE Pt-CA TA LY STS
11.1 THE TEMPERATURE PROGRAMMED REDUCTION (T PR ) OF 
P t-C A T A L Y ST S
Sam ples from th e  c a ta ly s t s  u s e d  in  th e  p r e s e n t  s tu d ie s  w ere  
s u b je c t e d  to TPR  in v e s t ig a t io n  to look a t  th e  e x t e n t  of th e i r  r e d u c t io n .  
Sam ples  o f ,  0 .158g (E U R O PT -1 ) ,  0 .633g (E U R O P T -3 ) ,  0 .219g (0.8%
’P t f S i O ^ ) , 0 .530g (0.8% P t/A l^O ^) a n d  0. 357g (0 . 5% Pt/M oO^) w ere p la c e d  
in to  th e  TPR cell (F ig u re  22) an d  th e  m e a su re m e n ts  w ere  c o n d u c te d  as  
d e s c r ib e d  in sec tion  3 .7 .
T h e  TPR s p e c t r a  of th e s e  c a ta ly s t s  a r e  show n (F ig u re s  96a- 
96b) . ^ “ consum ption  by  EUROPT-1 was o b s e r v e d  to s t a r t  a t room 
t e m p e r a tu r e  ~ 20°C w ith  th e  TPR s p e c t r a  show ing  a b ro a d  b a n d  w ith  i t s  
maxima a t  110°C (F ig u re  96a). T h is  is  in a c c o rd a n c e  w ith  th e  f in d in g s  
of B o n d  an d  G e ls th o rp e  (183) who r e p o r t e d  a r e d u c t io n  te m p e r a tu r e  
b e tw e e n  -73°C  a n d  150°C for th is  c a ta ly s t .  S imilar H  ^ u p ta k e  b e h a v io u r  
w as o b s e r v e d  w ith  EUROPT-3 a t room te m p e r a tu r e .  I t s  TPR s p e c t r a  
d i s p la y e d  two la rg e  p e a k s  with maxima a t  192°C a n d  395°C (F ig u re  96b ) .  
T h e  TPR  p ro f i le s  of th e  im p re g n a te d  c a t a ly s t s ,  0.5% Pt/M oO ^, 0.8% P t /S iO ^  
a n d  0.8% P t /A ^ O ^  show ed  in te n s e  s in g le  p e a k s  in  th e  low te m p e r a tu r e  
r e g io n ,  w ith  maxima a t  144°, 185° a n d  214°C, r e s p e c t iv e ly ,  to g e th e r  w ith  
b r o a d  b a n d s  a t  th e  h ig h  t e m p e ra tu r e  re g io n  300°-550°C (F ig u re s  9 6 a  , 9 6 b , 
96c . T h e  144°C p e a k  of th e  Pt/M oO ^ c a ta ly s t  is an  ind ica tion  t h a t  th i s  






6 .0 %  P t / S i 0 2 (EU RO PT-1)
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0 .3 % P t /A l2 O 3 (EUROPT-3: 
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F ig u re  9&c* TPR p ro f i le s  of Pt/M oO^ c a t a ly s t .
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T h e  h ig h  t e m p e ra tu r e  b a n d s  a t  > 300°C, a re  c h a r a c te r i s t i c  of th e  r e d u c t ­
ion of s u p p o r t  m a te r ia ls  (189) •
11.2 THE ELECTRON MICROSCOPY EXAMINATION OF P t-CA TA LY STS
Sam ples of EUROPT-1 a n d  EU RO PT-3 w ere  exam ined  by  t r a n s ­
m ission a n d  s c a n n in g  e lec tro n  m icroscopy  (TEM, SEM) to examine t h e  P t -  
p a r t i c le  size a n d  d is t r ib u t io n  an d  th e  e f fec t  of h y d ro c a rb o n  a d s o rp t io n  a n d  
h y d ro g e n a t io n  on c a ta ly s t  m orphology . T he  p r o c e d u r e s  u s e d  fo r  th e  
p r e p a r a t io n  of th e  c a ta ly s t  sam ples fo r  TEM a n d  SEM a re  d e s c r ib e d  in 
sec tio n  3 .8 .  T h e  P t-c o n ta in in g  p a r t i c le s  w ere  im aged on th e  m ic ro g ra p h s  
a s  small d a r k  sp h e r ic a l  o r  s em i-sp h e r ica l  s p o ts .  T en  m easu rem en ts  of 
te n  c o u n ts  each  w ere  u s e d  to es tim ate  th e  a v e ra g e  P t - p a r t i c l e  s ize .
T h e  p la te s  1-4 show the  TEM m ic ro g ra p h s  of EU RO PT-1.
P la te  1 is  a ty p ic a l  m ic ro g rap h  of th e  c a ta ly s t  a f t e r  it  h a d  b e e n  r e d u c e d  
in a t  250°C fo r  2h. From th is  it can be  seen  t h a t  th e  P t - p a r t i c l e s  
a r e  hom ogeneously  d i s p e r s e d  th o u g h ,  in some m ic ro g ra p h s ,  f ra c t io n s  of 
th e  P t - p a r t i c l e s  a r e  c lu s te r e d  to g e th e r  in th e  form of a g g r e g a t e s .  T h e  
p a r t i c le  s izes  w ere  ca lc u la te d  as  2 . 0 0  ± 0 .06 nm , w hich  is c o n s is te n t  
w ith  th e  s ize  r a n g e  0 .9 -3 .5  nm , r e p o r te d  b y  th e  C ouncil of th e  E u ro p e  
C a ta ly s is  G roup  (185 ) .  P la te  2 is th e  TEM of th e  c a ta ly s t  a f te r  b e in g  
em ployed  fo r  ac e ty le n e  h y d ro g e n a t io n .  I t  show ed  a similar p a r t ic le  s ize 
d i s t r i b u t io n  to  th a t  of th e  f r e s h ly  r e d u c e d  c a ta ly s t  (~ 2 n m ) ,  in d ica tin g  
th a t  th e  c a t a ly s t  is r e s i s t a n t  to s in te r in g  u n d e r  th e  ex p er im en ta l  
c o n d i t io n s  u s e d  in th i s  s tu d y .  H ow ever,  w hen EU RO PT-1 was u s e d  fo r  
b u t a - 1 ,3 -d ie n e  h y d r o g e n a t io n  a g ro w th  to th e  p a r t i c le  size r a n g in g
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b e tw e e n  2 a n d  10 nm was in d u c e d .  T h e s e  p a r t i c le s  d isp la y e d  d i f f e re n t  
s h a p e s ,  v i s ,  s p h e r e s ,  h e m i - s p h e r e s , s q u a r e s  a n d  h e x a g o n a ls  (P la te  3). 
T h e  sam ples  of E U R O PT -1  which w ere  p o iso n e d  w ith  show ed a s l ig h t
g ro w th  in th e  a v e r a g e  p a r t ic le  size from 2 .0  to 2 .5  nm (P la te  4).
T h e  SEM of th e  c a ta ly s t  (P la te s  5 ,6 )  show th e  g r a n u la r  
m orpho logy  of th e  silica s u p p o r t .  No c a rb o n  filam en ts  w ere o b s e rv e d  in 
th e s e  o r  o th e r  m ic ro g ra p h s  of th e  c a ta ly s t  in i t s  w ork ing  cond ition .
EU R O PT -3 also show ed an ev en  d i s t r i b u t io n  of P t - p a r t i c l e s  
a f t e r  th e  c a t a ly s t  h a d  b e e n  r e d u c e d  in a t  250°C fo r  2h a s  d e te rm in e d  
b y  th e  TEM. I t s  p a r t i c le  size was b e tw ee n  3 a n d  6 nm (P la te  7). T h e  
c a t a ly s t  sam ples  w h ich  h a d  been  d e a c t iv a te d  b y  a s e r ie s  of ace ty le n e  
h y d r o g e n a t io n ,  i n t e r e s t in g l y  d isp la y ed  c a rb o n  f ilam ents  in th e  m icro­
g r a p h  (P la te  8 ) .
T he  SEM m ic ro g ra p h s  of EU RO PT-1 a n d  EUROPT-3 c a ta ly s ts  
w h ich  h a d  b e e n  d e a c t iv a te d  to th e  s te a d y  s t a t e  a c t iv i ty  by  C 2 & 2 ^ 2  
m ix tu re s  a r e  show n  in  P la te s  9 a n d  10.
TEM m ic ro g ra p h  of EU RO PT-1 r e d u c e d  a t  2 50°C /H ^ /2h  
(x  100 K)
P l a t e  2. TEM m i c r o g r a p h  of  E U R O P T - 1  d e a c t i v a t e d  wi th
(x  100 K)
Pla te  3. TEM m ic ro g ra p h  of EU RO PT-1 d e a c t iv a te d  w ith C ^H ^/H ^ 
(x  200 K)
P l a t e  4. TEM m i c r o g r a p h  of  E U R O P T - 1  d e a c t i v a t e d  w i th  H^S
(x  200 K)
P l a t e  5. SEM m i c r o g r a p h  of  E U R O P T - 1  (x  1 .6  K) 
( s c a l e  = 10 Lim)
P l a t e  6. SEM m i c r o g r a p h  of E U R O P T - 1  ( x  320 K) 
( s c a l e  = 10 nm)
>, k - f<V »:> " V V. V. I  E '■ ":" • ■ .. K, 1
{ £ &  -
P l a t e  7. TEM m i c r o g r a p h  of  E U R O P T - 3  r e d u c e d  a t  2 5 0 ° C / H 2/ 2 h  
(x 120 K)
P l a t e  8. TEM m i c r o g r a p h  of  E U R O P T - 3  d e a c t i v a t e d  w i th  C 2H 2 / H 2
(x  120 K)
P l a t e  9. SEM m i c r o g r a p h  of  E U R O P T - 3  ( x  3 .2  K) 
( s c a l e  = 1 nm)
P l a t e  10. SEM m i c r o g r a p h  of  E U R O P T - 3  ( x  640 K) 






The r e su lts  p resen ted  in C hapters 4-11 show num erous 
in tere stin g  fea tu res  regard in g  the adsorption of a ce ty len e , eth y len e  
and carbon m onoxide; the hydrogenation  of a cety len e  and b u ta -1 ,3 -  
diene; the e f fe c ts  of su lphur poisoning on the adsorption  of hyd ro­
carbons and carbon monoxide and on the se le c t iv ity  of hydrogenation  
reaction s of a cety len e  and b u ta -1 , 3 -d iene for m ono-olefin  formation on 
the P t-c a ta ly s ts  em ployed in th is work. T h e se , in addition to the  
r e s u lts  of IR sp ec tro sco p y , tem perature program m ed reduction  (TPR) 
and transm ission  and scanning electron  m icroscopy (TEM, SEM), will 
be d isc u sse d  in detail in the ensu ing ch ap ters of the section .
Table 14 show s the rela tive  number o f [ 14-C ]-h yd rocarbon  
and carbon m onoxide m olecules adsorbed  in the prim ary adsorption  
reg ion  on the P t-c a ta ly s ts .
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CHAPTER TWELVE 
THE ADSORPTION OF CARBON MONOXIDE
The adsorption isotherm s of carbon m onoxide on the ca ta ly sts  
u sed  in th is  work show ed d istin ct d iss im ilar itie s. On EUROPT-1, 0.8% 
Pt/SiO ^ and 0 . 8 % Pt/Al^O^ c a ta ly s ts , th e  isotherm s (F igu res 34, 38) 
d isp layed  d ifferen t behaviour from that ob ta ined  with the hydrocarbons  
(a ce ty len e  and eth y len e) an d , in te r e s t in g ly , unlike the ex p ected  Langm uir- 
typ e  CO isotherm  for a m ono-layer form ation, th ey  showed a prolonged  
secon d ary  region  with a p o sitiv e  grad ien t. T he adsorption  isotherm  of  
CO on EUROPT-3 (F igure 36) was of a similar shape to the isotherm s  
o b serv ed  with C^H^ and C 2 ^^> in w hich sm aller p o sitiv e  grad ien ts for 
the secon d ary  adsorption reg ion s were o b se r v e d . H ow ever, when 
EUROPT-3 ca ta ly st was calcined in air at 500°C for 18h, followed b y  H2-  
r e d u c tio n , the adsorption  of CO gave an isotherm  of a similar shape to  
that found with EUROPT-1 (F igure 36 ). No saturation  region  was ev er  
o b serv ed  to occur on th ese  ca ta ly sts  up to  th e 5 T orr maximum p r e ssu r e s  
u sed  in th ese  s tu d ie s . In co n tra st, CO adsorption  on Pt/MoO^ ex h ib ited  
th e ex p ec te d  L angm uir-type isotherm  in w hich a saturation  plateau  was 
rea c h e d , in d ica tive  of CO monolayer form ation.
B ased  on the behaviour of CO ad sorption  on the calcined  
EUROPT-3 c a ta ly s t , the p o sitiv e  grad ien ts o f th e  isotherm s o b serv ed  on 
the ab ove ca ta ly sts  su g g e s ts  that on th ese  c a ta ly s ts , after reduction  and  
a ctiv a tio n , the su rface is  still partia lly  o x id ise d , p o ssib ly  due to in te r ­
action  of the P t-p a rtic le s  w ith water a sso c ia ted  with the support m aterial.
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T his is  co n sisten t w ith the re su lts  revea led  by the EXAFS sp ectroscop y  
con d u cted  by Joyner (121) and the TPR m easurem ents rep orted  (183) 
b y  Bond and G elsthorpe which have in d ica ted  that th is ca ta ly st is 
su b sta n tia lly  o x id ised  and contains a d isord ered  P t-o x id e  p h a se . The 
ch an ge in the b ehaviour of CO adsorption on the calcined  EUROPT-3 
com pared with the uncalcined  cata lyst can be a ttr ib u ted  to the high  
tem perature treatm ent (500°C , air) which is  capable of reducing  the  
h igh  Cl con ten t of th is  ca ta ly st, thus enhancing the p o ssib ilit ie s  of 
oxidation  of the P t-p a r tic le s  and in creasin g  the d egree of their in ter­
action  with the su pp ort (A ^ O ^ ).
From the r e su lts  in section s 4. 3 .1 .1 ,  4. 3 .2 .1  and 4 .3 .3 ,  th ere  
is  clear ev id en ce that on all the ca ta ly sts  s tu d ied , ad sorb ed  CO e x is ts  
in two s ta te s . One is  w eakly bound (m ajority) and can be rem oved by  
evacuation  or molecular exchange with [12-C J-C O . The other form of 
CO (~  15-30%) is  more stro n g ly  bound to the su rface and could not be 
rem oved with su ch  treatm ents from eith er c a ta ly s t .
From the in frared  sp ectroscop ic  s tu d ies  (C hapter 10) it is  clear  
th a t, on each of the ca ta ly sts  s tu d ied , the most abundant CO sp ec ies  at 
high  coverage (~ 4-10 T orr) is adsorbed  in the linear form (absorption  
at 2086 cm ^ ) .
The r e su lts  of section s 4. 3 .1 .1  and 4. 3 .2 .1  ind icate that CO 
in h ib ited  com pletely the adsorption of e th y len e  and to a le s s e r  e x te n t ,  
the adsorption  of a ce ty len e , w hereas the p resen ce  of th ese  hydrocarbons  
did not p rev en t com pletely the CO ad sorp tion . T h ese  ob servation s  
su p p ort the p ostu la te  that both CO and the h yd rocarb on s are adsorbed  
d irectly  on the metal su rface and su g g e stin g  th a t, with the hydrocarbon
159
sp e c ie s  are ad sorb ed  on the su rface , proportion  of the su rface s ite s  b ein g  
le ft  v a ca n t, probab ly  due to geometric r e s tr ic t io n s . It is  p o ssib le , 
h o w ever , that th e se  vacant s ite s  are the a ctive  s ite s  for hydrogen  
ad sorp tion  in the hydrogenation  reac tion s.
A lthough  the radiotracer tech n iq u e does not perm it an absolu te  
com parison of the amounts of CO adsorbed  on the d ifferen t ca ta lysts  
u s e d , n e v e r th e le s s ,  it is  possib le to draw some com parisons regarding  
th e re la tiv e  num ber of adsorbed CO m olecules and the CO:Pt ra tios.
From T able 14, the ratio of the number of CO m olecules adsorbed  on the  
fr e sh ly  red u ced  ca ta ly sts  to the total num ber of Pt atoms p resen t, C O :Pt, 
was found  to b e , 1 .9  (EU RO PT-1), 4 .0  (E U R O PT -3), 0 .60  ( 0 . 8% P t /S i0 2) , 
1 .3  ( 0 . 8 % P t/A ^ O ^ ) and 0 .3  (0.5% Pt/MoO^) . T h ese va lu es are h igher  
than th e rep o rted  ratios of 0.60 with EUROPT-1 (98) and of 0.20  
(P t/A ^ O ^ ) and 0 .07  (Pt/SiO ^) rep orted  by Bain et^  a l. (9 4 ) . From 
th e se  v a lu e s , it is  clear that there is an overall e x c e s s  u p -tak e of CO 
com pared with th at ex p ected  for a (Pt:C O ) ratio of u n ity . T hree  
p o ssib le  rea so n s for th is can be considered: (i) sp illover  or adsorption
of carbon m onoxide on to the support; ( ii)  an enhanced  adsorption of 
CO in th e p resen ce  of hydrogen  or o th er sp e c ie s , su ch  a s , o x y g e n , and  
(iii) a su rfa ce  recon stru ction  as the CO adsorption  rea ch es a semi­
sa tu ration  .
The e ffe c t  of sp illover or adsorption  o f  CO m olecules on to the  
su p p o rt is  u n lik e ly , as has been rep orted  b y  K innaird et a l. (96) and  
as claim ed by L evy  and Boudart (1 8 7 ), su ch  a phenom enon req u ires  
su ita b le  s ite s  on the su p p ort.
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In s tu d ie s  of co -ad sorp tion  of and CO on Pd and Pt ( 6 6 , 
188) a considerab le in teraction  betw een  the two m olecules has been  
o b serv ed  to o ccu r , resu ltin g  in a sh ift  of the C-O stre tch in g  freq u en cies  
to h igher r e g io n s . It has also been  reported  (43) that P t-su p p o rted  
ca ta ly sts  retain  con sid erab le  q uantities of h yd rogen  w hich can act as 
a promotor for carbon monoxide decom position. H ow ever, with regard  
to EUROPT-1, it has been shown (120) that th is  ca ta ly st e x is ts  in a 
h y d ro g en -d e fic ien t sta te  under the experim ental con d ition s u sed  (s e e  
section  1.7) and h en ce , su ch  a p o ssib ility  can be elim inated . Even  
though  EUROPT-1 is  of a P t -0  ch aracter , rather than as a metallic P t, 
the p o ssib ility  o f in teraction  of CO with oxygen  has been  in v estig a ted  
(98) and found to have no e ffect on the IR sp ectra  of ad sorb ed  CO, 
which is  in accordance with the r e su lts  of the IR s tu d ie s  found in th is  
work (C hapter 10) .
The o th er  explanation  of the high uptake of CO could  be as a 
resu lt of p ertu rb ation  of the metal atoms leading to su rfa ce  r e c o n stru c t­
io n , probably th rou gh  m igration of the metal atoms in the C O -ad layer. 
T his indeed  could  be the case s in c e , as o b served  in th is  work (C hapter  
9) p re-ad sorp tion  of su lphur appears to red u ce the amount of CO 
adsorption  to g iv e  Pt:CO  of ~ 1 .0 . T his may be due to the fact that 
the p resen ce  of su lp hu r sta b ilises  the metal su rface  to any r e stru c tu r in g  
similar to that su g g e s te d  above under the in flu en ce  of CO alone. The 




THE ADSORPTION OF ACETYLENE AND ETHYLENE
The shape of acety lene adsorption isotherm s obtained  on the  
c a ta ly sts  u sed  in th is  stu d y  (F igures 25, 27, 29) in the p ressu r e  range  
0-5 T orr , co n sisted  of a steep  primary n on-linear reg io n , followed  
(ex ce p t Pt/MoO^) by a linear secondary reg io n . No plateau region  was 
o b serv ed  to occur on th ese  ca ta ly sts  up to the maximum p r e ssu r e  stu d ied . 
T his is in agreem ent with the resu lts  of Reid et a l. (44) and Webb and 
co -w ork ers (55 , 56) on su pp orted  R h, P d , Ir and Ni ca ta ly sts  in which  
prim ary and secon d ary  adsorption p ro cesses  were o b serv ed  to occur with  
th ese  h y d ro ca rb o n s. H ow ever, the Pt/MoO^ ca ta ly st show ed a non -lin ear  
secon d ary  reg io n , which rose  sharply as the p r e ssu r e  of ^ 2 ^ 2  was 
in cr ea se d . Even though  no sp ecific  stu d ies  u sin g  M oO ^-supported-Pt 
c a ta ly sts  have been rep o rted , n e v e r th e le ss , it is  w orthwhile con sid ering  
the p o ss ib ilit ie s  in vo lved  in acety lene adsorption  on th is  ca ta ly st. Y ashu  
et a l. (186) s tu d ied  the d ifference in su rface p rop ertie s  betw een  Pt/M oO^/ 
SiC>2 c a ta ly s ts  prepared  by d ifferen t m ethods. T heir r e su lts  u sing  TPR, 
ESR and TEM tech n iq u es showed that the im pregnated  ca ta ly sts  co n sisted  
of m ixed o x y g en a ted  P t-p a r tic le s , various molybdenum o x id es and a Pt-Mo 
a lloy . The TPR m easurem ents conducted  in th is  work (sec tio n  11.1) 
show ed th a t, on th is  ca ta ly st a large peak at ~ 144°C accom panied by two 
broad p eak s at 303° and 547°C. It is like ly  that the low tem perature  
peak corresp o n d s to the reduction  of the p recu rsor  H  ^ [PtCl^] as rep orted  
by McNicol et a l. (176) and the h igh  tem perature peaks may be a ssig n ed
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to the reduction  of the molybdenum oxide sp ec ies  (1 9 3 ). T h u s, it is  
p lau sib le  that the prim ary adsorption region  correspon d s to the  
adsorption  of ^ 2 ^ 2  ° n P t_comPonent an<  ^ th a t, the secondary region  
is  a ttr ib u tab le  to adsorption  on the molybdenum oxide su p p ort.
The adsorption  of eth y len e on EUROPT-1 and EUROPT-3, also  
occu rred  in two s ta g e s ,  but the prim ary adsorption  region  show ed le ss  
adsorption  capacity  com pared with acety len e  (ca . 0 .25  times that of 
a ce ty len e ) and ten d ed  to d isappear as the ca ta ly sts  were brought to 
th eir  s te a d y -s ta te  a c tiv ity  by 0 2 ^ / ^  rea ctio n s.
When a cety len e  was adsorbed  on the various c a ta ly s ts , an a lysis
of the gas p h ase a fter  the bu ild -up  of the prim ary adsorption  region
show ed that w ith EURO PT-1, ethane and eth y len e  w ere p resen t.
H ow ever, with the o ther ca ta ly sts  e th y len e  was n ev er  o b serv ed . From
the y ie ld s  of ethane form ed, the average com position of the adsorbed
hydrocarbon  sp ec ie s  on th e primary region  was ca lcu lated  to be 5
(EURO PT-1) and 8 (EU RO PT-3). T h ese ob serva tion s su g g e st
that a ran ge of adsorbed  sp ecies  is  p resen t on th ese  ca ta ly sts  as a
r e su lt  of an e x te n s iv e  d issociation  of the C-H b on d s. T his in turn can
lead  to two p o ssib le  p r o c e sse s  which may occur in d ep en d en tly  on the
ca ta ly st su rface; ( i)  an ex ten siv e  d issocia tion  of the adsorbed  sp ecies
to y ie ld  m ultiply bonded  sp ecies  of th e  form C = or
* * * *
C -  CH„. T h is la tter  sp ecies  has been  d etected  by the IR an alysis of
/ i \  3
ad sorb ed  acety len e and eth y len e on EUROPT-1 (F igu re 90 ) in th is work  
and was rep orted  by Ibach et al. (35) and Kesm odel et al. on P t ( l l l )  
su r fa c e . C o n seq u en tly , the amount of h yd rogen  r e lea sed , togeth er  
with any hyd rogen  a lready p resen t follow ing th e red u ction  p ro cess  may
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react w ith th ese  sp ec ies  to produce ethane and eth y len e; (ii) the  
d issoc ia ted  sp ec ie s  may react with an adsorbed  acety len e or eth y len e  
molecule leading to the deposition of polym eric sp ec ie s  on the ca ta lyst  
su r fa c e .
When the primary adsorption region  was se lec tiv e ly  labelled  
with [ 1 4 -C ]-a ce ty len e  (section  4 .1 .1 .1 )  or [ 1 4 -C ]-e th y len e  (section  6 .7 ) ,  
follow ed by a C ^ 2 ^ 2  hydr° g enati° n reaction , a fraction (ca . 10- 20%) 
of th ese  p re -a d so rb ed  sp ecies were perm anently reta ined  on the su r fa ce , 
probably  as polym eric m oieties as su g g e s te d  ab ove.
With the ca ta ly sts  at their s te a d y -s ta te  a c t iv ity , the ex ten t of 
the prim ary adsorption  region  was rem arkably red u ced , 85-90%
(a ce ty len e ) and 80-85% (eth y len e) on both  EUROPT-1 and EUROPT-3 
c a ta ly s ts . T his clearly  is  an indication  that the s te a d y -s ta te  corresp on d s  
to the attainm ent of a s tea d y -sta te  concentration  of a stro n g ly  reta ined  
sp e c ie s  with ~ 10-15% of the s ite s  located  in the prim ary region  being  
le ft  v a ca n t, probably due to geom etrical r e s tr ic t io n s . T his is  in 
accordance with the sta tistica l p red iction  of Campbell and Thomson (171) 
th a t, for a random 2 -site  adsorption , 7% of the metal atoms remain 
vacant as a s in g le  s ite .
The r e su lts  of section s 5 .1  and 6 .1  ind icated  that the d eacti­
vation  can on ly  e ffe c tiv e ly  be ach ieved  by trea tin g  the ca ta ly sts  with  
C 2H2 /H 2 m ix tu res. When acety len e alone was adm itted to the ca ta ly sts  
no deactivation  was o b serv ed , su g g e s t in g  that h yd rogen  is in some way 
a p artn er for the deactivation  p r o c e ss . Sheppard  and Ward (52) from  
th eir  IR stu d ies  o f acety len e adsorption  in the p resen ce  of hyd rogen  
show ed th a t, w ith various supported  m etals, su rface  polym eric sp ec ie s
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were form ed, a lthough  th ese  sp ecies  were ab sen t when no hydrogen  was 
p resen t on the ca ta ly st su rface . This su p p orts the above su g g estio n  
that the prim ary adsorption  region con sisted  of a ran ge of polym eric 
sp ec ies  of w hich some may undergo fu rth er d isso c ia tio n , some may be 
in vo lved  in su rfa ce  polym erisation reactions and o th ers  may be active as 
a hydrogen  tra n sfer  sp ec ie s . E vidence for su ch  a polym eric sp ecies  has 
also been ob tained  in the IR stu d ies conducted  in th is  work (C hapter 10) 
when ca ta lyst sam ples had been d eactivated  by m ixtu res, bands
a ttrib u tab le to CH^ and CH groups were o b serv ed  (F igure 92).
A ssum ing that carbon monoxide adsorption  occu rs on the  
exp o sed  metal atoms on the su rfa ce , the r e su lts  of Table 14 show that 
the re la tive  am ounts of adsorbed  CO and th ose  of ^ ^ 2  anc* ^2^4 are ^  
the approxim ate r a tio s , CO :C 2H2 > 1:1 (E U R O PT -1), 1 .5 :1  (EU R O PT-3), 
15:1 ( 0 . 8 % P t /S i0 2) ,  4 .7 :1  (0 . 8% P t/A ^ O ^  and 0 . 6 : 1  (0 . 5% P t/M o03) , 
w ith the C O :C 2H4 ratio b ein g  1 .8 :1  (EUROPT-1) and 7:1 (EU R O PT-3). 
With referen ce  to th e adsorption isotherm s of CO obtained  on th ese  
ca ta ly sts  (F ig u res  34, 36, 38) and th ose  rep orted  on R h, Ir , Pd 
su pp orted  ca ta ly sts  (44 , 55, 56), the above CO: hydrocarbon ratios  
su g g e s t  th a t, the prim ary adsorption region  of th e se  hydrocarbons occur  
d irectly  on the metal su rfa ces  and the tu rn in g  point o b served  in the  
adsorption  isotherm s corresponds to m onolayer co v era g e .
From Table 14 and the relevan t ad sorption  iso th erm , the  
ad sorp tive  cap acity  of EUROPT-1 for acety len e is  approxim ately e igh t  
tim es that for e th y le n e , compared with a corresp on d in g  value of five on 
EUROPT-3. F urtherm ore, the ex ten t of reten tion  o f the p re-ad sorb ed  
sp ec ies  is  grea ter  with acety lene than with e th y le n e . T his show s that
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th ere  are a large number of s ite s  on th ese  c a ta ly sts  which are active  
for a cety len e  adsorption  than for e th y len e  ad sorp tion , which is  co n sisten t  
with the early  ob serva tion s of Sheridan et a l. (122 , 123) on P t-su p p o rted  
c a ta ly s t s .
With referen ce  to the adsorption  isotherm s of acety len e and
eth y len e  on fre sh ly  reduced  ca ta ly sts  (sec tio n s  4 .1 .1 ,  4 .1 .2 ) ,  it can be
4 -1seen  that at h igh gas p r essu r es  of ~ 5 T orr (~  1 x 10 counts min ) ,  
the amount of adsorbed  hydrocarbons is  in e x c e s s  of that adsorbed  on 
the prim ary adsorption  reg ion . H ence, h igh er ratios of hydrocarbon  
m olecules to the total number of metal atoms are o b serv ed . It is also  
n oticeab le that in all the su b seq u en t adsorption  isotherm s (2 n d , 3 r d , . . . ,  
ad so rp tio n s) determ ined after the evacuation  of the ca ta ly sts  for 30 min, 
the e x te n t  of the prim ary adsorption  region  rem ained u n ch an ged , bearing  
in mind that the count ra tes of th ese  isotherm s were corrected  for the  
b ack grou n d  a c tiv ity  resu ltin g  from the p rev io u s adsorption  isotherm .
The am ounts of hydrocarbons rem oved b y  e ith er  of the treatm ents, 
ev a cu ation , H ^ 2 ^ 2  ° r ^ 2 ^ 2 ^ 2  co rr esPon<  ^ an amount of rad ioactiv ity  
eq u iva len t to the secondary reg ion . T h ese ob serva tion s su g g e st  that 
the ad sorb ed  sp ec ies  in th is region  are r e a c tiv e , which is in agreem ent 
with th e con clusion s of Webb and co -w ork ers (5 5 , 59, 95) that th ese  
sp e c ie s  are a sso c ia tiv e ly  adsorbed  on the su rfa ce  and rep resen t the  
ca ta ly tica lly  active  sp ec ies  in the hyd rogen ation  reaction s.
In section  4 .1 .1 .4 ,  the co -ad sorp tion  of acety len e and eth y len e  
on fr e sh ly  red u ced  ca ta ly sts  was in v e s t ig a te d . It was found that 
a cety len e  adsorbed  in the p resen ce  of e th y le n e , though  the adsorption  
was lik e ly  to be w eakly in its  n a tu re , as ~ 90% of the p re-ad sorb ed
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acety len e  was rem ovable b y  30 min evacuation . H ow ever, e th y len e  did 
not adsorb  in the p resen ce  of a cety len e . T hese fin d in gs are an in d icat­
ion that both ad sorb ates are adsorbing in the same active  s ite  of 
adsorption  and that th e thermodynamic factor is like ly  to o p era te .
The question  rem ains as to the nature of p r o c e s s (e s )  accomp­
an y in g  the gradient change of the isotherm s in the secondary  adsorption  
reg io n . T here are th ree  p o ssib ilities  which have been  con sid ered  
p rev io u sly  (44 , 55) and th ese  can be summarised as follows:
a) As the su rface reach es a saturation  level of adsorption  by the
hydrocarbon , the adsorption p rocess con tinues to take place  
on the support m aterial.
b) The turn ing point of the adsorption isotherm s corresp on d s to
the sp illover of the hydrocarbons to the su p p ort.
c) The hydrocarbon adsorption  p rocess in the secon d ary  region  
occu rs over the d issoc ia tive ly  adsorbed  hydrocarbon sp ec ies  
of the prim ary region  (overlayer formation) .
In their s tu d ie s  Al-Ammar and Webb (55) in v e s t ig a te d  the  
phenom enon of hydrocarbon sp illover in d e ta il. T hey trea ted  their  
c a ta ly s ts  with hexam ethyl d isilazane to cover the su pp ort su rfa ce  with  
tr i-m eth y ls ily l grou p s. The ex ten t of the hydrocarbon secon d ary  region  
was iden tica l to that on the untreated  c a ta ly s ts . H ence, th e p o ssib ilit ie s  
of adsorption  or sp illover of the hydrocarbons to the su p p ort were 
elim inated and a hydrocarbon overlayer formation mechanism was su g g e s te d .
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H ow ever , from the p resen t stu d ies of acety len e and e th y len e  adsorption  
on su lphur po ison ed  c a ta ly s ts , the resu lts  (d isc u sse d  in C hapter 14) 
point to a su rface  recon stru ction  mechanism as b ein g  the like ly  reason  
for the tu rn in g  poin t in the adsorption isotherm s.
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CHAPTER FOURTEEN 
THE ADSORPTION OF HYDROGEN SULPHIDE (H 2S)
The adsorption  o f [SS-SJ-H ^S on EUROPT-1 show ed an isotherm  
(F ig u re  80), similar in its  shape to th ose  obtained with [ 1 4 -C ]-h y d ro -  
c a r b o n s , in which two adsorption  p ro cesses  were o b serv ed . A plateau  
reg ion  was ob served  to occur at h igh  p ressu re  (ca . 20 T orr) .
Evacuation of the ca ta ly st for 30 min rem oved ~ 5% of the p re-a d so rb ed  
su lp hu r sp ec ie s . P re-d eactiva tion  of the ca ta ly sts  with C ^ 2 ^ 2  
m ixtures reduced  the ex ten t of primary adsorption  reg io n . T h ese
ob serv a tio n s su g g e st  that su lphur is  adsorbed  on the metal su rface  and  
are an indication that the adsorption  p ro cess  is partia lly  r e v e r s ib le .
The adsorption  of acety len e  and eth y len e on the su lp hu r  
p oison ed  EUROPT-1 c a ta ly sts  was found to be con sid erab ly  su p p re ssed  
as compared with that on su lp h u r -fr e e  c a ta ly sts . The e ffe c t  was 
rem arkably pronounced  in the secondary  adsorption reg ion  (F ig u res  81, 
8 2 ). Evacuation of th e  c a ta ly sts  for 30 min, re su lted  in the rem oval of 
the hydrocarbon sp ec ies  adsorbed  in th is  reg ion . At h igh  su lp hu r  
c o v e r a g e s , ca. 0 ^  g > 0 .5 ,  a con tinuous drop in the su rfa ce  count 
ra te s  was ob served  to o ccu r , su g g e st in g  the occu rren ce of an in teraction  
betw een  the p re-a d so rb ed  su lphur and the hydrocarbon  m olecules.
T h ese  r e su lts  provide ev id en ce  to s u g g e s t  that a su rface  recon stru ction  
p ro cess  takes place as a resu lt of su lp hu r ad sorp tion , th u s lim iting the  
e x te n t of adsorption of ^ 2 ^ 2  an<  ^ ^ 2 ^ 4  exp o sed  metal s ite s  le ft
v a ca n t, probably as electron  d efic ien t s ite s .  T hey also p rov id e ev id en ce
c
.2
r ^  T faVi0co w
[!>  »
13 w 
-  8  
h 2




















































con cern in g  the secon d ary  adsorption  reg ion s o b served  in the h y d ro ­
carbon adsorption  iso th erm s. It is  like ly  that the turn ing point of 
th e se  isotherm s corresp on d s to a su rface  reconstru ction  p ro cess  in v o lv ­
ing  the m igration of the metal atom s, le ft  vacant at the su rface a fter  
com pletion of the prim ary adsorption  p r o c e ss , to form an array with the  
h ydrocarbonaceous r e s id u e s , as d ep icted  in F igure 97. H ence, the  
enhancem ent of and ^ 2 ^4  adsorption  due to the secondary
adsorption  p ro cess  which takes p lace on th ese  m odified s ite s .
The adsorption of ^ 2^ 2  anc* ^2^4 ° n su lp h u r-p o iso n ed  
EUROPT-3 ca ta ly sts  show ed that the ex ten t of the primary adsorption  
reg ion  d isappeared  com pletely with a sharp in crease in the uptake of 
th e se  hydrocarbons as th eir  p r e ssu r e s  were in creased . It is like ly  
that su lphur has com pletely po ison ed  the metallic s ite s  of th is ca ta ly st  
w h ils t, at the same time prom oting some adsorption  of the hydrocarbons  
on the support m aterial.
The r e su lts  p resen ted  in F igure 83 show in terestin g  and
im portant d ifferen ces  betw een  the adsorption  of CO on fre sh ly  red u ced
and S -p o ison ed  c a ta ly sts . At low su lphur co v er a g es , 0 ^  g < 0 .5 ,  the
adsorption  isotherm s show ed similar sh ap es to that o b served  on th e clean
c a ta ly s t , in the sen se  that the adsorption  continued  to in crease  as
fu rth er  CO was adm itted to the reaction  v e s s e l .  At 0 U c > 0 .5 ,  the
2
CO isotherm  show ed s ig n ifica n tly  d ifferen t b eh aviou r. The su rfa ce  
count rate in creased  rapid ly  with in creasin g  the gas p ressu r e  u ntil a 
p lateau  region  was o b serv ed  (Langm uir typ e  iso th erm ). T h ese  r e su lts  
are also co n sisten t with the su g g estio n  sta ted  above th a t, in the p resen ce  
of su lp h u r , a su rface recon stru ction  p ro cess  takes p lace on the c a ta ly s t .  
Such a phenom enon has also been  proposed  by Somorjai (1 5 1 ).
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CHAPTER FIFTEEN
THE REACTION OF ACETYLENE WITH HYDROGEN
The hydrogenation  of acety len e over EUROPT-1, EUROPT-3, 
0 . 8% Pt/SiC ^ and 0 . 8% Pt/Al^O^ using a reactant ratio of 3: : 1 ^ ^ 2^  
at room tem perature was found to occur in two d istin c t s ta g e s .  The 
o n set of the second  sta g e  was accom panied by an acceleration  in the  
reaction  ra te . P lots of %n (P + AP) aga in st time show ed that the  
reaction  was fir s t order in total p r e ssu r e . In the f ir s t  s ta g e  eth y len e  
and ethane were p rod u ced , w hilst the major p ro cess  o ccu rr in g  in the  
secon d  stage  was the fu rth er  hydrogenation  of e th y len e  to e th an e.
The se lec tiv ity  was found to remain almost constant as the reaction  
p ro ceed ed . D eactivation of th ese  ca ta ly sts  with C - ^ 2 ^ 2  m ixtures  
re su lted  in a p r o g ress iv e  d ecrease in the reaction ra te  until a steady  
sta te  a ctiv ity  was a ch iev ed . H ow ever, treatm ent of th ese  ca ta ly sts  
with 100 Torr H2 for 15h resu lted  in a partial restoration  of the original 
a c t iv ity . No appreciable reaction betw een C 2H2 and was o b served  
to occur on the 0.5% Pt/MoO^ ca ta ly st.
The sh ap es of the p ressu re-tim e cu rv es  (F ig u r es  39, 54 (a ),
65) , to g eth er  with the ob servation  that the se lec tiv ity  rem ains constant 
or n early  so until the acceleration  point is  reach ed , is  an indication that 
the se le c tiv ity  for eth y len e  formation is governed  b y  a therm odynam ic 
facto r . F urther ev id en ce  for the e x is ten ce  of the therm odynam ic factor  
has also been obtained  (se c tio n s  4 .1 .1 .5 ,  4 .2 .2 ) ,  when no adsorption  of 
eth y len e  was ob serv ed  in the p resen ce  of a ce ty len e , w h ils t , acety len e
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ad sorp tion  took p lace in the p resen ce  of gas e th y len e . Such  o b serv a t­
ions make the assum ption that the same s ite s  are in volved  in both  
a cety len e  and eth y len e  ad sorp tion .
The k in etics  of acety len e  hydrogenation  showed a n eg a tiv e  
ord er in acety len e and a p ositive  order in h yd rogen . T his s u g g e s ts  
that ^ 2 ^ 2  Was more stro n g ly  adsorbed  reactant and that its  su rface  
co v erage  was h ig h , w h ereas, was weakly adsorbed and its  su rface  
co v era g e  was con seq u en tly  low . With both  EUROPT-1 and EUROPT-3, 
the d ecrease  in the acceleration  p o in t, -A P^, with in creasin g  p ressu r e  
is  fu rth er  ev id en ce  to su g g e s t  that th is reactant is weakly ad sorb ed  and  
unable to com pete with acety len e  for the adsorption s ite s ,  h e n c e , as its  
in itia l p ressu r e  is  in crea sed , an acceleration  in the overall reaction  rate  
o c c u r s . The earlier appearance of -AP with increasing tem perature  
may have been cau sed  b y  the d ecrease in acety len e coverage in the  
su rfa ce  and co n seq u en tly  it s  hydrogenation  becom es more p ron ou nced .
The in crease  in the se le c tiv ity  of e th y len e  formation with in creasin g  
reaction  tem perature can be rela ted  to e ith er  (i) a d ecrease  in the  
su rfa ce  coverage of h yd rogen  as the tem perature is  ra ised , or ( ii)  the  
a ctiva tion  en ergy  of e th y len e  desorption  is h igher than its  h y d rogen ation . 
The activation  en erg y  va lu es of 45.15 kJ mol  ^ (EUROPT-1) and of 
40 .66  kJ mol  ^ (EUROPT-3) are in accordance with the value of 38.91 kJ 
mol  ^ rep orted  by Bond and Wells (124) on Pt/A ^O ^ ca ta ly st .
The r e su lts  p resen ted  in sectio n s 5.6 and 6 . 6  show  th a t, while 
th e h yd rogen ation  of [14-C ]-C 2H 2 occu rred  sim ultaneously a s  the  
rea c ta n ts  w ere in trod u ced  to the fresh ly  reduced  c a ta ly s ts , the reaction  
on th e stead y  sta te  ca ta ly sts  showed d istin c tly  d ifferent b ehaviour in
that it led  to a con tinuous b u ild -u p  of [ 14 -C ]-h yd rocarbon  sp e c ie s , 
p o ssib ly  via an exch an ge mechanism with the [ 14 -C ]-h yd rocarb on  sp ec ie s , 
p resen t on the ca ta ly st su rface .
F igure 50 show s that when a sample of EUROPT-1 was covered  
w ith ~ 5 Torr [14-C ]-C 2H 2 or followed b y  a 1 : 3 : 1 0 2 ^ : ^ 1 2
rea ctio n , the p re-a d so rb ed  sp ec ies  underw ent h y d rogen ation . This  
p ro v id es  further support to the con clusion s p resen ted  in C hapter 13, 
that the ca ta lysis  p ro cess  is  a ssoc ia ted  with the sp ec ies  adsorbed  in the  
secon d ary  adsorption reg ion .
The r e su lts  p resen ted  in F igure 62 show th a t, during the  
h ydrogenation  of acety len e with h yd rogen  in the p resen ce  of added [1 4 -C ]-  
e th y le n e , underw ent ad sorp tion -d esorp tion  c y c le s . T h is is
confirm ation of the phenomena d escr ib ed  above and in section  4. 1 .1 .4  
and section  4 .2 .2  in which a cety len e  and eth y len e are com peting for the  
same adsorption  s ite s  w ith the former being more s tro n g ly  ad sorb ed .
A ssum ing that the [ 1 2 -C ]-e th y len e  formed by the h ydrogenation  
of acety len e b eh aves in the same manner as the added [ 1 4 -C ]-e th y le n e ,  
the amount of [ 14 -C ]-e th an e w hich was formed via the gas p h ase in te r ­
m ediate [ 1 2 -C ]-e th y len e  can be ca lcu lated  according to the schem e:
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H ence, by su b tractin g  the amount of [ 12 -C ]-e th a n e  form ed via the  
h yd rogen ation  of [ 12 -C ]-e th y len e  from the total y ie ld  of [ 1 2 -C ]-e th a n e , 
the amount of [ 12 -C ]-e th an e formed d irectly  can be obtained (T able 3 
(EUROPT-1) and Table 5 (E U R O PT -3)). From th ese  r e su lts , it was 





w here P* „  is  the amount of ethane p roduced  d ire c tly . It is im portant 
2 6
to note that th e in h erent se lec tiv ity  (S ')  followed a similar pattern  of 
b eh aviou r to the se lec tiv ity  (S ) ,  in that it rem ained almost constant as the  
reaction  p roceed ed  to about 100% co n v e r s io n .
It is apparent from F igures 51 and 63 that the hydrogenation  of 
[ 1 4 -C ]-e th y le n e  took p lace in two d istin c t s ta g e s . In the f ir s t  s ta g e , up 
to ~ 100% con version  on EUROPT-3, the y ie ld  of [ 14 -C ]-e th an e was almost 
co n sta n t as the reaction  p roceeded , ind icating  that the h ydrogenation  of 
[ 1 4 -C ]-e th y len e  p roceeded  in d ep en d en tly  of the amount of a cety len e  p r e se n t  
in the reaction  v e s s e l .  The second sta g e  (> 100% co n version ) w hich  
co rresp o n d s to the acceleration in the p r e ssu r e  drop c u r v e s , show ed a 
rap id  in crease  in the y ie ld  of [ 1 4 -C ]-e th a n e .
From the above r e su lts , two in tere stin g  fea tu res  em erge. F ir s t ,  
th e y ie ld  of [ 14 -C ]-e th an e only co n stitu ted  a small proportion of the total 
eth an e y ie ld . S eco n d ly , it was p o ssib le  to h yd rogen ate  [ 1 4 -C ]-e th y len e  in 
the p resen ce  of a ce ty len e , that is ,  th ere  are fractions of s ite s
on the ca ta ly st su rfa ces  active  for e th y len e  h yd rogen ation , even  in the  
p rese n c e  of a cety len e . T his is an indication of the ex isten ce  of the  
m echanistic factor to govern  the se lec tiv ity  of e th y len e  form ation. It is 
im portant to point out th a t, w hilst it was concluded in Chapter 13 that 
a ce ty len e  and e th y len e  are com peting for the same active site  with 
a cety len e  p reven tin g  eth y len e  in the adsorption  p ro cess  when both  the  
a d so rb a tes  c o -e x is t  on the ca ta ly st , the above observation  of e th y len e  
u n d ergo in g  h ydrogenation  in the p resen ce  of acety len e  su g g e s ts  that the  
th ird  variable in the sy stem , nam ely, h y d ro g en , in some way aids the  
ad sorp tion  of e th y len e  on a fraction  of the hydrogenation  s ite s . It is 
also clear from T ables 3 and 5 that the predom inant reaction pathw ay to  
eth an e is  a d irect route from a ce ty len e , rather than via e th y len e as an 
in term ed ia te .
The above fin d in gs are in  general agreem ent with the model 
p rop osed  by Al-Ammar and Webb ( 59) for the se lec tiv e  hydrogenation  of 
a ce ty len e  on su pp orted  Pd, Rh and Ir ca ta ly sts  in vo lv in g  separate s ite s  
for the con version  of acety len e  to e th y len e  and eth an e, and for e th y len e  
to e th a n e .
The following reaction  pathw ays are p ossib le  for a cety len e  
h yd rogen ation  on the su p p orted -P t ca ta ly sts  u sed  in th is  work.
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U sing the data obtained in T ables 3 and 5, and F igures 53 and
64, the re la tiv e  va lu es of the reaction rate c o n sta n ts , k^ , and k^ in
the above reaction  schem e could be evaluated  q u a n titiv e ly  b y  apply ing
the same method as that u sed  by B ern d t et a l . (5 6 ) . C onsidering that
2 0 0 % con version  re p r e se n ts  complete h ydrogenation  of acety len e  to e th a n e ,
the amount of hydrocarbon p resen t at any stage of the reaction  can be
dBestim ated  u sin g  equations of the form = k^ -  th erefore
A = A -  (k , + k j  H (1)o 1 3
B = B + (k , -  k 0) H (2)o 1 2
C = C + ( k ,  + k , )  H (3)
O 2 5
w here A , B and C are the amounts of C 2H2 , O2 ^ 4  anc* ^ 2^ 6 r e sPect v^ e ^Y•
The amount of added [ 14 -C ]-e th y len e  p resen t at any sta g e  of the reaction  
*
(B ) is govern ed  b y  its  dilution with the amount of e th y len e  formed from 
the h yd rogen ation  and b y  conversion  to eth an e. T h u s,
B* = B* -  k ? [B * /(B *  + B )]  H (4)
0  2
S u b stitu tin g  equation  (2) in equation (4 ) g iv es
B* = B *[(B  + k ,H  -  k ?H )/(B  + k ,H )]  (5)
0 0 1  2 o  1
U sing the r e su lts  of F igures 53 and 64, where variou s p r e ssu r e s  of [1 4 -C ]-  
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+ can be deduced at any stage of the reaction  on both  
c a ta ly s ts , as shown in Table 8 (EUROPT-1) and Table 9 (EU R O PT-3). 
From th ese  r e su lts  the re la tive  va lu es of the rate con stan ts  k^, k^ and  
k^ for acety len e hydrogenation  on th ese  ca ta ly sts  at room tem perature  
can be ca lcu lated . T h ese  v a lu es , sum m arised in T ables 10 and 11, lead  
to the conclusion that k^ < k^ »  k^, that i s ,  the major rou te in the  
reaction  is  via the d irect route from ^ 2^ 6 *
Table 10. R eaction rate con stan ts of C 2H2 / H 2 on EUROPT-1 at 20°C
% C onversion k l k 2 k 3
4 3 .5  ± 2.2 0.014  ± 6.0% 0.001 ± 4.0% 0 . 1 0 1  ± 4.0%
91.6 ± 8 . 0 0 .014 ± 3.0% 0 . 0 0 2  ± 8 . 0 % 0.079  ± 1.5%
183.2 ± 1.3 0.002 ± 4.8% 0.001 ± 3.0% 0.064 ± 1.3%
Table 11. R eaction rate  con stan ts of C2H2 /H 2 on ;EUROPT-3 at 20 °C
% C onversion k l k 2 k 3
12.0  ± 1.5 0.071 ± 4.2% 0.001 ± 0.5% 0.235  ± 4.0%
4 3 .5  ± 1 .5 0.070  ± 4.3% 0.008 ± 6 . 0% 0.090 ± 8 . 0%
9 1.9  ± 1.1 0.052  ± 9.0% 0 . 0 1 0  ±1 0 . 0% 0.057  ± 7.0%
The r e s u lts  of section  9 .5  show that th e  e ffec t  of su lphur  
p oison in g  on the se le c t iv ity  of the ca ta ly sts  for e th y len e  formation in 
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c a t a l y s t s  (E U R O P T -3 ,  0.8% P t / A ^ O ^ ) ,  b u t  was n e g a t iv e  for  th e  si l ica- 
s u p p o r t e d  c a t a l y s t s  (E U R O PT -1 ,  0.8% P t / S i C ^ ) .
As a l r e a d y  d i s c u s s e d  in C h a p t e r  14, t h e  e f fec t  of s u l p h u r  on 
th e  a d s o r p t i o n  of a c e ty l e n e  a n d  e thy lene  was to no t i ceab ly  r e d u c e  the  
e x t e n t  of  th e  s e c o n d a r y  a d s o r p t i o n  r eg io n .  T h i s  e f f ec t  is much more 
p r o n o u n c e d  with £ 3 ^ 2  ^ an  with  £ 2 ^ 4  ( F i g u r e s  81, 82). I t  is l ike ly 
t h a t  th e  d e t r im e n ta l  e f f e c t  of s u l p h u r  on th e  s i l i c a - s u p p o r t e d  P t  c a t a ly s t s  
is c a u s e d  by  th e  e f f e c t i v e  r e d u c t io n  in t h e  n u m b e r  of s i t e s  r e s p o n s ib l e  
fo r  ace ty le n e  h y d r o g e n a t i o n ,  whilst  those  s i t e s  at  w h ich  e t h y l e n e  
h y d r o g e n a t i o n  t a k e s  p lace  a r e  u n a f f e c t e d .  In  t h e  p r e s e n c e  of e x ce ss  
H 2 , t h e  h y d r o g e n a t i o n  of  e t h y l e n e  becomes more f eas ib le ,  le ad ing  to a 
d e c r e a s e  in s e l e c t i v i t y .
Using  t h e  m e th o d  app l ied  above  a n d  th e  information  in Table  
12 a n d  F i g u r e  86, i t  is  p o s s ib le  to ded u ce  th e  r e l a t i v e  v a lues  of t h e  r a t e  
c o n s t a n t s  of a c e ty l e n e  h y d r o g e n a t io n  on th e  p o i s o n e d  EUROPT-1  c a t a l y s t .  
T h e s e  v a lu e s  a r e  p r e s e n t e d  in Tab le  13.
T ab le  13. Reac t ion  r a t e  c o n s t a n t s  of ac e ty le n e  h y d r o g e n a t io n  on 
S - p o i s o n e d  EUROPT-1
% C o n v e r s io n  fc k  k 3
10.51* 0.027 0.004 0.172
34.61* 0.026 0.010 0.116
62.30* 0.012 0.007 0.099
2 7 .2 3 + 0.025 0.004 0.026
53 .84+ 0.019 0.005 0.062
79 .90+ 0.020 0.006 0.069
* e H = 0 . 0 1  , + g h  s  = 0 . 0 0 2  
2 2
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An i n t e r e s t i n g  f e a t u r e  e m e rg e s  when th e s e  v a lu e s  a r e  c o m p ared  with  
t h o s e  o b ta in e d  on the  s u l p h u r - f r e e  ca t a ly s t  (Table  10) . While t h e  
e f f e c t  of s u l p h u r  was n e g l ig ib le  on th e  h y d r o g e n a t io n s  o c c u r r i n g  via 
t h e  r o u t e s  an d  k^ ,  it  show e d  a benef ic ia l  e f fec t  in t h a t  a 1 0 - fold 
i n c r e a s e  in the  r a t e  of t h e  r e a c t io n  p ro c e e d in g  via the  r o u t e  k^  
r e s u l t e d  ( see  r eac t ion  scheme a b o v e ) .  For  th i s  r e a s o n  EU RO PT-1  
d i s p l a y e d  a s u b s t a n t i a l  d e c r e a s e  in the  se lec t iv i ty  as  t h e  c a t a l y s t  was 
p o i s o n e d  with s u l p h u r  ( F i g u r e  84) .
The  benef ic ia l  e f f e c t  of s u l p h u r  on the  s e lec t iv i ty  of EU RO PT-3  
a n d  0 . 8 % P t / A ^ O ^  for  a c e ty l e n e  h y d r o g e n a t io n  has b e e n  c a u s e d  b y  th e  
in f l u e n c e  of the  acidic s i t e s  p r e s e n t  on th e  alumina.  T h i s  is i n d e e d  a 
p o s s ib le  exp lana t ion  w hen  t h e  a d s o r p t i o n  i so the rm s  of a c e ty l e n e  a n d  
e t h y l e n e  on th e  s u l p h u r - p o i s o n e d  c a t a ly s t s  a r e  com pared  w i th  t h o s e  
o b t a i n e d  on the  clean c a t a l y s t s  ( F ig u r e  87). The  s h a p e s  of t h e  s e c o n d a r y  
a d s o r p t i o n  r e g io n s  of t h e s e  i s o th e rm s  co n t in u e d  to i n c r e a s e  s h a r p l y  as 
f u r t h e r  h y d r o c a r b o n  gas  was  ad m i t t ed  to the  c a t a ly s t .  T h i s  l a t t e r  
b e h a v i o u r ,  which has  b e e n  o b s e r v e d  with th e  a d s o r p t i o n  of n - p e n t a n e  on 
v a r i o u s  s u p p o r t s ,  s u c h  a s  c a r b o n  a n d  BaSO^, is  c h a r a c t e r i s t i c  of a 
p h y s i c a l  a d s o rp t i o n  p r o c e s s  (190) .  T h u s  th e  poss ib i l i ty  e x i s t s  t h a t ,  in 
t h e  p r e s e n c e  of s u l p h u r ,  t h e  gas  p h a s e  e t h y le n e  fo rmed  from a c e ty le n e  
h y d r o g e n a t i o n  is be ing  a d s o r b e d  a t  t h e  ch lo r in a te d  alumina s i t e s ,  while 
t h e i r  double  b o n d  c h a r a c t e r  is  r e t a i n e d  (195) .  T h i s ,  in t h e  p r e s e n c e  of 
h y d r o g e n ,  would lead  to t h e  d e s o rp t io n  of  e th y le n e  to th e  gas  p h a s e ,  
h e n c e  i n c r e a s in g  the  s e le c t iv i ty .
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CHAPTER SIXTEEN 
THE REACTION OF BUTA-1,3 -DIENE WITH HYDROGEN
T h r o u g h o u t  t h i s  c h a p t e r  t h e  te rm s  1-3B, 1 - B , t - 2 - B ,  c -2 -B  
a n d  n - B  will be  u s e d  to r e f e r  to b u t a - 1 ,  3 -d iene ,  b u t - l - e n e ,  t r a n s - b u t - 2 -  
e n e ,  c i s - b u t - 2 - e n e  a n d  n - b u t a n e  r e s p e c t iv e l y .
T h e  r e s u l t s  p r e s e n t e d  in sec t ion  8 .1 show t h a t  t h e  h y d r o g e n ­
a t ion  of 1-3B o v e r  EUROPT-1  an d  EUROPT-3 p r o c e e d e d  in two s t a g e s ,  
t h e  o n s e t  of th e  s e c o n d  s t a g e ,  which  o c c u r r e d  v e r y  la te  in t h e  reac t ion  
b e in g  accompanied  b y  an  in c re a s e  in t h e  r eac t ion  r a t e .  T h e  l a t e n e s s  of 
the  acce le ra t ion  s u g g e s t s  t h a t  the  h y d r o g e n a t io n  of 1-3B a n d  b u t e n e s  
was o c c u r r i n g  s im u l tan e o u s ly  on the  c a t a ly s t  s u r f a c e .
T h e  n e g a t i v e  o r d e r  in 1-3B a n d  th e  pos i t ive  o r d e r  in H^ over  
b o t h  c a t a ly s t s  in d i c a t e s  t h a t  1-3B is more s t r o n g ly  a d s o r b e d  t h a n  H^ a n d  
t h e r e  is  no e f f e c t iv e  competi t ion  for th e  s u r f a c e  s i t e s  b e t w e e n  t h e  two 
r e a c t a n t s .
In sec t ion  8 .3  it  was shown t h a t ,  o v e r  b o th  c a t a l y s t s ,  all the  
t h r e e  b u t e n e s  w ere  fo rm ed  a s  ini t ial  p r o d u c t s ,  in ad d i t io n  to  n - B ,  with 
th e  composit ion 76% ( 1 - B ) ,  16% ( t - 2 - B )  a n d  6 % ( c - 2 - B ) .  T h e  d i s t r i b u t io n  
of t h e s e  b u t e n e s  was  f o u n d  to be  in d e p e n d e n t  of th e  e x t e n t  of  th e  reac t ion  
(up  to  ~ 1 0 0 % c o n v e r s i o n ) ,  even  t h o u g h  th e  se lec t iv i ty  fo r  t h e  formation 
of t h e s e  b u t e n e s  d e c r e a s e d  s l igh t ly  wi th i n c r e a s in g  c o n v e r s i o n .  T h e s e  
o b s e r v a t i o n s  s u g g e s t  t h a t  once  th e  b u t e n e s  a r e  fo rm ed ,  t h e y  u n d e r g o  
f u r t h e r  r e a c t io n  a t  s imilar  r a t e s ,  r a t h e r  t h a n  d e s o r b in g  from t h e  s u r f a c e .
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The  o b s e r v a t i o n s  r e p o r t e d  in sec t ion  8.4 show t h a t ,  o v e r  
E U R O PT -1 ,  t h e  b u t e n e  d i s t r i b u t io n  was  i n d e p e n d e n t  of t h e  ini t ia l  
h y d r o g e n  p r e s s u r e  ( F ig u r e  71),  w h e r e a s  o v e r  EUROPT-3,  an  i n c r e a s e  in 
t h e  y ie ld  of 2-B a n d  a d e c r e a s e  in t h e  y ie ld  of  1-B was o b s e r v e d  as 
t h e  ini t ia l  h y d r o g e n  p r e s s u r e  was i n c r e a s e d  (F ig u re  72). T h e  i n d e p e n ­
d e n c e  of the  b u t e n e  d i s t r i b u t io n  on in i t ia l  h y d r o g e n  p r e s s u r e  o b t a in e d  
on EUROPT-1 s u g g e s t s  t h a t  t h e  r o u t e s  to each  isomer a re  equa l ly  
a f f e c t e d  by  the  c h a n g e  in t h e  ava i lab i l i ty  of a d s o r b e d  h y d r o g e n  a n d  
t h a t  t h e  1-B does  n o t  u n d e r g o  isom er isa t ion  to t - 2 -B  an d  c - 2 - B .  T h e  
d e p e n d e n c e  of t h e  b u t e n e  composi t ion on th e  ini t ial  h y d r o g e n  p r e s s u r e  
o v e r  EUROPT-3 is  an ind ica t ion  t h a t  t h e  i someri sa t ion  of 1-B is im p o r ta n t  
for  t h e  p ro d u c t i o n  of t h e  2 - B , as well a s  the  formation of t h e  2-B 
d i r e c t l y  from 1-3B. H ow ever ,  th e  m a g n i tu d e  of the  e f fec t  of h y d r o g e n  
ava i lab i l i ty  on th e  b u t e n e  composit ion  was small,  s u g g e s t i n g  t h a t  t h e  
c o n t r i b u t i o n  of 1-B isomer isa t ion  to t h e  formation of 2-B was  also small.  
T h e  d e c r e a s e  in s e lec t iv i ty  o b s e r v e d  on th i s  c a t a ly s t  as  t h e  ini t ial  
h y d r o g e n  p r e s s u r e  was i n c r e a s e d  can  b e  a t t r i b u t e d  to th e  i n c r e a s e  in 
t h e  e x t e n t  of b u t e n e  h y d r o g e n a t i o n  r e l a t i v e  to d e s o r p t i o n ,  as  t h e  
ava i lab i l i ty  of a d s o r b e d  h y d r o g e n  is  i n c r e a s e d .
I t  was o b s e r v e d  ( sec t io n  8 . 6 ) t h a t  o v e r  b o th  EU RO PT-1  a n d  
E U R O P T -3 ,  the  l - B : t - 2 - B  ra t i o  d e c r e a s e d  with in c re a s in g  t e m p e r a t u r e  
a n d  t h a t  of th e  t - 2 - B : c - 2 - B  ra t io  was  i n d e p e n d e n t  of t e m p e r a t u r e .  T h e  
e f f e c t  is  much  more p r o n o u n c e d  o v e r  EUROPT-1  th a n  o v e r  E U R O PT -3 .  
T h e s e  o b s e r v a t i o n s  can  b e  i n t e r p r e t e d  as  showing t h a t  th e  a c t iv a t io n  
e n e r g y  for  1-B isomer isa t ion  is g r e a t e r  t h a n  t h a t  for  i t s  h y d r o g e n a t i o n ,  
w h ich  is  c o n s i s t e n t  with the  o b s e r v a t i o n  of Webb (191) u s in g  a lumina-  
s u p p o r t e d  Os a n d  Ru  c a t a l y s t s .
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From the  above  d i s c u s s io n ,  it a p p e a r s  to be  t h a t  on b o th  
EUROPT-1 and  EUROPT-3  c a t a l y s t s ,  t h e  1:2 add i t ion  of h y d r o g e n  to 
1-3B is  r e s p o n s ib l e  fo r  1-B format ion a n d  th a t  1:4 add i t ion  is r e s p o n s ib l e  
for  t h e  t - 2 -B  an d  c -2 -B  p r o d u c t i o n .  Th i s  is c o n s i s t e n t  with  th e  g e n e ra l  
mechanism for 1-3B h y d r o g e n a t i o n ,  as  p r o p o s e d  p r e v io u s l y  b y  Wells et  
al .  (62,  127, 128) (F ig u r e  6 ) a n d  which  can b e  sum m a r ised  as follows:
C 4H6 ( S>
I
H 9 C=0H-CH =CH o2 t i 2
+H -H
+H +H
h 3 c - c h - c h = c h 2
h 3 c - c h = c h - c h 3 (g )  j + H  h 3c - c h = c h - c h 3 (g )
( t - 2 - B )  ( c -2 -B
H 3 C -C H 2 -CH =CH 2 (g)
(1-B)
Since  th e  s e lec t iv i ty  is l e s s  th a n  u n i t y  o v e r  b o th  c a t a l y s t s ,  t h a t  i s ,  n - B  
is  p r o d u c e d  as an ini t ial  p r o d u c t  a n d  as it  is un like ly  t h a t  t h e  i som er ­
isa t ion  of 1-B to t - 2 - B  an d  c -2 -B  t a k e s  place o ver  t h e s e  c a t a l y s t s ,  it 
a p p e a r s  poss ib le  t h a t  n - B  is  fo rmed  from an a d s o r b e d  1-3B v ia  a r o u t e  
n o t  invo lv ing  a d s o r b e d  1-B as  an  in t e rm e d ia te .  S u c h  a r o u t e  may be  one 
in v o lv in g  a 1:4 a d s o r b e d  in te rm ed ia te :
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C 4H 6 <«>
H 0 C=CH-CH=CH 0
2 i I 2
+ 2H -2H
h 9 c - c h 0 - c h 0 - c h 0
u  |  u  6  | u
* I *
+2 H |
H C-CH2-C H 2-C H ;  (g )  
( n - B )
T h e  e f f e c t s  of p r e - a d s o r b e d  s u l p h u r  on the  h y d r o g e n a t i o n  of 
1-3B o v e r  EUROPT-1 an d  EUROPT-3 ( sec t ion  9.6) showed  t h a t ,  while 
s u l p h u r  p o ison ing  was n e g a t iv e  fo r  t h e  se lec t iv i ty  o v e r  th e  fo rm er  
c a t a l y s t ,  i t  was benef ic ia l  o v e r  t h e  l a t t e r  c a t a ly s t .  From t h e  r e s u l t s  
p r e s e n t e d  in F i g u r e  89, it  can  b e  s e e n ,  with EU RO PT-1 ,  t h a t  s u l p h u r  
p r e f e r e n t i a l l y  p o isons  th e  s i te s  at  w hich  1-B, t - 2 - B  a n d  c -2 -B  format ion 
t a k e s  p la c e .  Similar  f in d in g s  h a v e  b e e n  r e p o r t e d  (73) for t h e  h y d r o g e n ­
a t ion  of  1-3B o v e r  t ^ S - p o i s o n e d  P t (100 )  s u r f a c e .  As a c o n s e q u e n c e ,  
t h e  ava i lab i l i ty  of  a d s o r b e d  h y d r o g e n  may h a v e  in c r e a s e d  t h e  e x t e n t  of  
1-3B h y d r o g e n a t i o n  to n - B .  T h e  benef ic ia l  e f f ec t  of  p r e - a d s o r b e d  
s u l p h u r  o v e r  EUROPT-3 was to i n c r e a s e  t h e  y ie ld s  of  1-B a n d  t - 2 - B  
while t h a t  of n - B  d e c r e a s e d  as t h e  s u l p h u r  c o v e ra g e  was i n c r e a s e d  
( F i g u r e  89). I t  is  tem pt ing  to s u g g e s t  t h a t  th e  in c re a s e  in th e  y ie ld  
of 1-B a n d  p r o b a b l y  i t s  i somer isa t ion  to t - 2 - B  lies in t h e  p o s s ib i l i ty
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th a t, su lp hu r in flu en ces the adsorption  of 1-3B to the acidic s ite s  
p r e se n t on the alumina su p p o rt, sin ce  it is  well esta b lish ed  th at su ch  
s ite s  are good for ca ta lysin g  the isom erisation  of various hydrocarbon  
a d so r b a te s .
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CHAPTER SEVENTEEN
THE EFFECTS OF HYDROGEN AND HYDROGENATION REACTIONS 
ON THE STRUCTURE OF THE P t  CATALYSTS
T h e  t e m p e r a t u r e  p rog ram m ed  r e d u c t io n  m e asu re m en ts  ( sec t ion  
11 .1)  show e d  TPR p ro f i l e s  which a r e  ind ica t ive  of  th e  o c c u r r e n c e  of an  
i n t e r a c t i o n  b e tw e e n  th e  P t - p a r t i c l e s  an d  s u p p o r t  s u r f a c e s  ( e x c e p t  
P t /M oO^)  . T h e  Pt/MoO^ c a ta ly s t  showed  a low t e m p e r a t u r e  r e d u c t io n  
p e a k  a t  144°C which c o r r e s p o n d s  to t h a t  r e p o r t e d  (176) for  t h e  u n s u p p ­
o r t e d  H ^ tP tC l^ ]  , in add i t ion  to two r e d u c t io n  p e a k s  a t  303° a n d  547°C 
w hich  a r e  c h a r a c t e r i s t i c  of th e  r e d u c t io n  of b u lk  MoO^ (192) .  T h e r e ­
fo r e ,  s i n t e r i n g  of the  P t - p a r t i c l e s  is l ikely to be  th e  c au s e  of  th e  
i n e r t n e s s  of t h i s  c a t a ly s t  for  ace ty lene  h y d r o g e n a t i o n ,  r e p o r t e d  in 
C h a p t e r  7. T h e  comsumption of o v e r  EUROPT-1 at  am bient  t e m p e r ­
a t u r e  a n d  th e  a p p e a r a n c e  of a r e d u c t i o n  p e a k  a t  110°C is c h a r a c t e r i s t i c  
of P tO £ (193) .  T h i s  is  c o n s i s t e n t  with  th e  r e s u l t s  of e x t e n d e d - X - r a y  
a b s o r p t i o n  f ine s t r u c t u r e  (EXAFS),  which  in d i c a t e d  t h a t  EUROPT-1 
c o n ta in s  a d i s o r d e r e d  P t  ox ide  p h a s e .  T h e  o t h e r  c a t a ly s t s  u s e d  in t h i s  
w o rk  (EU R O PT -3 ,  0.8% P t / A ^ O ^  a n d  0.8% P t / S K ^ )  showed  main 
r e d u c t i o n  p e a k s  at  ~ 200°C, a sc r ib a b le  to th e  e x i s t e n c e  of an  i n t e r a c t io n  
b e t w e e n  th e  P t - p a r t i c l e s  a n d  the  s u p p o r t s .  H ence ,  it is a s s u m e d  t h a t  
t h e  r e d u c t i o n  p r o c e d u r e  u s e d  in t h i s  w ork  ( sec t ion  3 .6)  is  capab le  of 
a c h i e v in g  w e l l - r e d u c e d  c a t a ly s t s .
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Elec t ron  microscopic exam ina t ions  showed  th a t  r e d u c i n g  
E U RO PT -1  and  EUROPT-3  in H 2 a t  250°C for  2h p r o d u c e d  c a t a ly s t s  
c o n ta in in g  even ly  d i s t r i b u t e d  P t - p a r t i c l e s  (P la te s  1 ,7 ) ,  s u g g e s t i n g  t h a t  
t h e s e  c a t a ly s t s  a r e  r e s i s t a n t  to s i n t e r i n g  u n d e r  th e  cond i t ions  u s e d .  
H o w e v e r ,  when EUROPT-3 was s u b j e c t e d  to C - ^ 2 ^ 2  r e a c ^^ o n s » c a r b o n ­
a ce ous  f i laments  w ere  o b s e r v e d  to  form on t h e  ca t a ly s t  s u r f a c e ,  with 
t h e  P t - p a r t i c l e s  b e in g  loca ted  at  t h e  h e a d s  of th e s e  f i lamen tous  c a r b o n s  
(P la te  8 ) . A l th o u g h  th e  mechanism of c a rb o n - f i l a m e n t  format ion is no t  
well d ocum en ted  in t h e  l i t e r a t u r e ,  i t  is poss ib le  t h a t  th e  c h lo r in a te d  
s i t e s  loca ted  on th e  alumina of EU RO PT-3  a c t e d  as a p rom oto r  for  
c a r b o n  depos it ion  on t h e  s u p p o r t  w hich  in t u r n  d i f fu s e d  p r o g r e s s i v e l y  
to t h e  P t - p a r t i c l e s ,  forming su c h  c a r b o n  t u b e s .  T h e  TEM of EUROPT-1 
w hich  h a d  been  d e a c t i v a t e d  wi th b u t a - 1 , 3 -d iene  and  h y d r o g e n  m i x tu r e s  
(P la te  3) showed a g ro w th  in th e  P t - p a r t i c l e s  to be tw een  2-10 n m . 
M o re o v e r ,  t h e s e  p a r t i c l e s  showed  i n t e r e s t i n g  v a r ia t io n s  in s h a p e ,  s u c h  
a s ,  s p h e r e s ,  s q u a r e s  a n d  h ex ag o n a l  , com pared  with th e  s p h e r i c a l  
s h a p e s  of the  f r e s h l y  r e d u c e d  c a t a l y s t .  E ven  th o u g h  s u c h  a phenom enon  
was n o t  o b s e r v e d  a f t e r  t h e  c a t a l y s t s  h a d  b e e n  s u b je c t e d  to r e a c t io n  a n d  
d e a c t i v a t e d  with 0 2 ^ / ^  (P la te 2) ,  i t  is  p o ss ib le  t h a t  b u t a - 1 , 3 - d i e n e  
a n d / o r  t h e  b u t e n e s ,  in t h e  p r e s e n c e  of  h y d r o g e n ,  c r e a t e d  a c a r b o n -  
i n d u c e d  face t ing  to t h e  P t - p a r t i c l e s  s imi lar  to t h a t  p r e v io u s l y  r e p o r t e d  
to o c c u r  with P t / A ^ O ^  c a t a ly s t s  in  t h e  p r e s e n c e  of v a r io u s  h y d r o c a r b o n s  
(152,  194).  The  e f f e c t  of s u l p h u r  p o is o n in g  on EUROPT-1 was to 
c a u s e  only  a s l ig h t  i n c r e a s e  in t h e  p a r t i c l e  s ize from ~ 2 . 0  nm to ~ 2 . 5  
nm (P la t e  4) t h u s  d e m o n s t r a t i n g  t h e  r e m a r k a b l e  s tab i l i ty  of E U R O PT -1 ,
e v e n  u n d e r  t r e a tm e n t  with s u l p h u r ,  w hich  is known to s e v e r e l y  d i s t u r b  
th e  m orphology  of the  metal p a r t i c l e s  (152,  194). T he  SEM of EU R O PT -  
a n d  EUROPT-3  (P la tes  5, 6 an d  9, 10, r e s p e c t i v e l y )  showed  t h a t  t h e  
morphological  t e x t u r e  of the  alumina of  EUROPT-3  is much s o f t e r  a n d  
more  a m orphous  t h a n  the  silica of E U R O PT -1 .
T ab le  14. N umber  of a d s o r b e d  molecules on P t - c a t a l y s t s  o b ta in e d  b y  the  
ex t ra p o la t io n  of s e c o n d a r y  a d s o rp t i o n  r eg ion  to zero  p r e s s u r e .




i n 2 0  - 1 xlO g
C 2 H 2
molecules
i n 2 0  - 1 xlO g
C 2H4
molecules
i n 2 0  xlO g
Cond i t ion
0 . 0 0 3.50 3.98 0.49 F
0 . 0 0 0.70 0.40 0.07 S
0 . 1 0 - 1.64 - P
0.13 - 0 . 6 6 - P
0 . 2 0 - - 0.80 P
EU RO PT -1 0.28 4.45 - - P
0.32 - - 0.49 P
0.40 3.20 - - P
0.46 - - 0.37 P
0.54 2 . 1 0 - 0.71 P
0.60 - 1 . 1 1 0.98 P
0 . 0 0 0.36 0.25 0.05 F
E U R O PT -3 0 . 0 0 0.06 0.04 0 . 0 1 S
0.25 0 . 0 0 0 . 0 0 0 . 0 0 P
0.8% P t / S i 0 2 0 . 0 0 0.15 0 . 0 1 - F
0.8% Pt/Al^O 0 . 0 0 0.33 0.07 - F
0.5% P t / M o 0 3 0 . 0 0 0.05 0.09 - F
F = f r e s h l y  r e d u c e d  , S = s t e a d y  s t a t e  (C ^ H ^ /H ^ -d e a c t iv a te d )  
P = S u l p h u r  po isoned  
-  = n o t  d e t e rm in e d
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